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Alastrim variola minor virus, which causes mild smallpox, was first recognized in Florida and South America in the late 19th
century. Genome linear double-stranded DNA sequences (186,986 bp) of the alastrim virus Garcia-1966, a laboratory
reference strain from an outbreak associated with 0.8% case fatalities in Brazil in 1966, were determined except for a 530-bp
fragment of hairpin-loop sequences at each terminus. The DNA sequences (EMBL Accession No. Y16780) showed 206
potential open reading frames for proteins containing $60 amino acids. The amino acid sequences of the putative proteins
were compared with those reported for vaccinia virus strain Copenhagen and the Asian variola major strains India-1967 and
Bangladesh-1975. About one-third of the alastrim viral proteins were 100% identical to correlates in the variola major strains
and the remainder were $95% identical. Compared with variola major virus DNA, alastrim virus DNA has additional segments
of 898 and 627 bp, respectively, within the left and right terminal regions. The former segment aligns well with sequences
in other orthopoxviruses, particularly cowpox and vaccinia viruses, and the latter is apparently alastrim-specific. © 2000
Academic PressINTRODUCTION
Variola virus isolates from contemporary smallpox out-
breaks were categorized into two epidemiological types:
variola major viruses, which caused case fatalities rang-
ing to 30%, and variola minor viruses, which caused less
than 2% case fatalities (Fenner et al., 1989; Marennikova
and Shchelkunov, 1998). Historically, the evolution and
spread of variola minor virus is not clearly understood
(Fenner et al., 1988). DeKorte (1904) reported that mild
smallpox (named amaas or kaffir-pox) had circulated in
southern Africa before the turn of the 20th century, and
Ribas (1910) reported mild smallpox in Florida in 1896
that quickly spread through the Americas, Europe, and
Australia (Chapin, 1913). Chapin and Smith (1932) sug-
gested that all mild smallpox outbreaks, which by the
early 20th century also occurred in east Africa, were due
to the same virus. However, biological comparisons of
contemporary strains from Brazil in the 1960s and Bo-
tswana, Ethiopia, and Somalia in the 1970s indicated that
South American alastrim isolates are distinct from some
African variola minor isolates, as are Asian and African
variola major isolates (Dumbell and Huq, 1986).
We previously described the sequences of ;30 kb of
left and right terminal region coding sequences and the
tandem repeat regions of selected isolates of African1 To whom reprint requests should be addressed. Fax: 7 (383–2)
28831. E-mail: snshchel@vector.nsk.su.
36and Asian major, alastrim, and African minor strains
(Massung et al., 1995, 1996). We described, as had been
suggested by DNA restriction mapping (Mackett and
Archard, 1979; Esposito and Knight, 1985), that alastrim
strains examined had distinctive sequences, supporting
the concept that African and South American variola
minor viruses were indeed separate subtypes. To gain
further insight into the physical genetic structure of
alastrim virus, we extended the sequencing of the small-
pox laboratory reference strain Garcia-1966 (VAR-GAR) to
encompass the complete coding region of the genome
DNA. VAR-GAR was associated with mild smallpox in
Brazil in the 1960s that had a case fatality rate of ;0.8%
and a secondary attack rate of ;70% among unvacci-
nated people (Fenner et al., 1988). Here, we present a
comparison of the VAR-GAR sequences with genome
sequences for the variola major isolates India-1967 (VAR-
IND; Shchelkunov et al., 1993d, 1995) and Bangladesh-
1975 (VAR-BSH; Massung et al., 1993, 1994), and vaccinia
virus strain Copenhagen (VAC-COP; Goebel et al., 1990;
Johnson et al., 1993).
RESULTS AND DISCUSSION
The entire genome DNA coding sequences (186,986
bp) of VAR-GAR (EMBL Accession No. Y16780) were
32.7% G1C. The sequences were 98.24% identical to
corresponding sequences of VAR-IND and 98.02% iden-
tical to those of VAR-BSH. Sequences for the XhoI termi-
nal hairpin-loop ;530-bp fragment were not determined.
0042-6822/00 $35.00
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362 SHCHELKUNOV ET AL.By computer analysis we identified 206 nonoverlap-
ping potential open reading frames (ORFs) containing
$60 amino acids. We enumerated the ORFs by following
a convention established for VAC-COP (Goebel et al.,
1990) and other orthopoxviruses that uses an alphabet
letter prefix to designate the HindIII map location of the
ORF and an L or R suffix to indicate transcription direc-
tion. Figure 1 presents a graphical alignment of the
VAR-GAR ORFs and ORFs of VAR-IND and VAC-COP
(VAR-BSH ORFs are excluded from Fig. 1 because of the
high homology between VAR-IND and VAR-BSH;
Shchelkunov et al., 1995). As indicated in Fig. 1, VAR-GAR
nd VAR-IND ORFs correspond closely throughout a
12-kb region from VAR-GAR ORF B12L to A25R. There is
102-kb region of virtually complete sequence identity
mong the vaccinia, variola, and alastrim viruses from
AR-GAR E4L to A25R. The results substantiate the prop-
sition that vaccinia and variola virus genes are equiva-
ently organized on the genome (Fenner et al., 1989;
hchelkunov, 1995).
Comparison of the left and right terminal region coding
equences, which restriction mapping had established
re hypervariable sequence regions of the orthopoxvi-
uses (Mackett and Archard, 1979; Esposito and Knight,
985), demonstrates more precisely the nature and ex-
ent of the variability. Figure 1, DNA regions marked A–I,
ontain sequences that best distinguish VAR-GAR from
AR-IND. Of the nine regions, two (A and B) are within
he left-end and seven (C–I) are located within the right-
nd of the DNA molecule. Table 1 shows the results of a
omology comparison of the amino acid sequences of
ach putative protein encoded by the potential ORFs in
AR-GAR DNA with those reported for VAR-IND, VAR-
SH, and VAC-COP.
Previously, we listed potential virulence determinant
roteins of variola virus that were suggested by se-
uence analysis of VAR-BSH (Massung et al., 1993),
including a variety of possible immune modulating pro-
teins, which are similar in VAR-IND (Shchelkunov et al.,
1993d) and VAR-GAR (Table 1) and will not be described
again here. Instead we describe below some of the
families of proteins and distinct sequences that distin-
guish alastrim virus from variola major virus and other
orthopoxviruses.
Proteins containing ankyrin repeats
The most abundant group of proteins coded for by
orthopoxviruses appears to be those containing ankyrin
repeats (Massung et al., 1993; Shchelkunov et al., 1993b,
1998; Safronov et al., 1996). It is postulated that such
proteins may play a role in determining host range and
tissue tropism (Shchelkunov et al., 1993b, 1998), and may
influence viral pathogenesis (Mossman et al., 1996). Re-
arding the latter, eukaryotic genes encoding ankyrin-
i
Containing proteins are located very close to genes for
nterleukin-1 and tumor necrosis factor (TNF) receptors.
ork (1993) has suggested that viral sequences for
nkyrin-containing proteins may have been acquired, as
hese receptors have been, to modulate dissociation of
ytosolic nuclear transcription factor NF-kB complexes
with I-kB by competing with I-kB, thereby impeding the
effects of signal transduction including apoptosis.
We showed previously (Shchelkunov et al., 1991, 1998)
hat VAR-IND D6L (Fig. 1, region A) corresponds to an
RF within the cowpox virus (CPV) host-range gene,
HO-hr (Spehner et al., 1988), which contains an ankyrin-
epeat in the protein. However, in VAR-GAR, the correlate
equences are truncated to form two small ORFs, B7L
nd B8L; VAC-COP contains no corresponding sequenc-
s; and the correlate segment in vaccinia virus strain
estern Reserve (VAC-WR) is reported to form four ORFs
Chen et al., 1992).
Following B8L, VAR-GAR sequences containing B9L,
10L, B11R, and B12L, which appear in other alastrim
solates, pair with sequences comprising a much longer
RF, C9L of unknown function, in VAC-COP (Massung et
l., 1996), thus, the alastrim ORFs may have evolved by
nterrupting a single, large ORF similar to C9L. To further
xplain the origin of the B9L-B12L region, we noted that
owpox strain GRI-90 (CPV-GRI) encodes a homolog of
9L (Shchelkunov et al., 1998). However, as illustrated in
ig. 2, the CPV-GRI sequences share 95% identity with
9L-B12L, whereas C9L shares only 71–80% homology.
f note, variola major viruses have an 898-bp deletion in
he region between VAR-GAR B9L and B12L (Fig. 1, IND
equences in region A). We also note that C9L of VAC-
OP and the analog in CPV-GRI encode a protein con-
aining ankyrin repeats that are similar to those in the
HO hr gene product. The greater homology of the
lastrim sequences with the CPV cognate sequences is
ather puzzling because the geographic range of CPV is
imited to a defined region of Eurasia (Chantrey et al.,
999). However, these data support the postulate that
PV is parental to both VAC and VAR.
Other ORFs that encode ankyrin repeats Q1L, H6R,
8R, D10R, and G1R share considerable identity with
orrelates in VAR-BSH and VAR-IND (Table 1). However,
f VAC-COP ORFs that specify ankyrin repeats, only
hose related to alastrim H6R and D8R have the same
umber of bases and code for highly identical amino
cid sequences. VAC-COP M1L has more bases than
lastrim Q1L, and VAC-COP is deleted in the region
orresponding to VAR-GAR D10R. The VAC-COP region
orresponding to G1R of VAR-GAR is interrupted, forming
hree smaller ORFs. VAC-COP K1L, which specifies a
rotein involved in determining cell culture host range, isnterrupted in VAR-GAR, forming two ORFs, Q3L and P1L.
orrelates of the two appear in VAR-IND and VAR-BSH.
TABLE 1
The Potential Open Reading Frames (ORF) of Variola Minor Virus Garcia Strain
ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
B1L 833 153 17,6 D2L VAR BSH (143 aa) 100/122
372 D1L VAR IND (153 aa) 100/153
C16/B22 VAC COP (181 aa) 92.2/153
B2L 1561 113 13,4 Homology to VAR GAR B14L
1220 D3L VAR BSH (128 aa) 99.1/113
D1.5L VAR IND (128 aa) 97.1/113
—e VAC COP —
B3R 1842 140 15,7 Growth factor Blomquist et al. (1984)
2264 D4R VAR BSH (140 aa) 99.3/140
D2R VAR IND (140 aa) 97.1/140
C11R VAC COP (142 aa) 89.4/142
B4L 3418 330 38,3 D5L VAR BSH (330 aa) 99.7/330
2426 D3L VAR IND (330 aa) 98.8/330
C10L VAC COP (331 aa) 97.9/331
B5R 3921 242 28,6 RING zinc finger motif Senkevich et al. (1994)
4649 D6R VAR BSH (242 aa) 100/242 Upton et al. (1994)
D4R VAR IND (242 aa) 100/242
— VAC COP —
ECT 28k (241 aa) 95.0/242
B6L 5181 126 14,5 D7L VAR BSH (126 aa) 99.2/126
4801 D5L VAR IND (126 aa) 99.2/126
— VAC COP —
B7L 5548
5261
95 11,0 CPV host range (669 aa)
ankyrin motif
78.2/87 Spehner et al. (1988)
Lux et al. (1990)
D8L VAR BSH (452 aa) 97.4/77 Safronov et al. (1996)
D6L VAR IND (452 aa) 88.5/87
— VAC COP —
B8L 6591 355 41,3 CPV host range (669 aa) 88.5/364 Spehner et al. (1988)
5524 D8L VAR BSH (452 aa) 98.6/357
D6L VAR IND (452 aa) 99.1/354
— VAC COP —
B9L 7366 98 11,8 Ankyrin motif Smith et al. (1991)
7070 D9L VAR BSH (91 aa) 100/91 Shchelkunov et al. (1998)
D6.5L VAR IND (91 aa) 100/91
C9L VAC COP (634 aa) 85.6/97
B10L 7845 172 20,2 — VAR BSH —
7327 — VAR IND —
C9L VAC COP (634 aa) 48.3/151
B11R 7839 93 11,5 — VAR BSH —
8120 — VAR IND —
— VAC COP —
B12L 8804 132 15,0 D10L VAR BSH (152 aa) 97.7/130
8406 D7L VAR IND (153 aa) 99.2/130
C9L VAC COP (634 aa) 77.8/109
B13R 9039 83 9,4 — VAR BSH —
9290 — VAR IND —
— VAC COP —
B14L 9906 150 18,0 Host range Perkus et al. (1990)
9454 D11L VAR BSH (150 aa) 100/150
D8L VAR IND (150 aa) 100/150
C7L VAC COP (150 aa) 99.3/150
B15L 10606 156 18,0 D12L VAR BSH (156 aa) 100/156
10136 D9L VAR IND (156 aa) 100/156
C6L VAC COP (151 aa) 96/150
B16L 11366 134 16,1 D13L VAR BSH (134 aa) 100/134
10962 D10L VAR IND (134 aa) 100/134
C5L VAC COP (204 aa) 92.4/131
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ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
B17L 12387 316 37,2 D14L VAR BSH (316 aa) 99.4/316
11437 D11L VAR IND (316 aa) 99.7/316
C4L VAC COP (316 aa) 96.2/316
B18L 13243 263 28,9 Complement binding protein Kotwal and Moss (1988a)
12452 D15L VAR BSH (263 aa) 99.6/263
D12L VAR IND (263 aa) 99.2/263
C3L VAC COP (263 aa) 95.1/263
B19L 13775 154 18,5 Kelch protein homolog Xue and Cooley (1993)
13311 D16L VAR BSH (221 aa) 98.2/110 Shchelkunov et al. (1998)
D13L VAR IND (201 aa) 98.2/110
C2L VAC COP (512 aa) 95.5/154
B20L 14339 65 7,5 D17L VAR BSH (79 aa) 98.3/58
14142 D13.5L VAR IND (79 aa) 98.3/58
C2L VAC COP (512 aa) 87.7/65
B21L 15437 212 25,1 D18L VAR BSH (214 aa) 97.2/214
14799 D14L VAR IND (214 aa) 97.2/214
C1L VAC COP (224 aa) 95.3/212
R1L 15839 117 13,9 Virokine Kotwal and Moss (1988b)
15486 P1L VAR BSH (117 aa) 99.1/117
P1L VAR IND (117 aa) 100/117
N1L VAC COP (117 aa) 93.2/117
R2L 16499 177 21,0 P2L VAR BSH (177 aa) 98.3/177
15966 P2L VAR IND (177 aa) 98.3/177
N2L VAC COP (175 aa) 90.3/175
Q1L 17882 449 51,3 Ankyrin motif Smith et al. (1991)
16533 O1L VAR BSH (446 aa) 99.8/449
O1L VAR IND (446 aa) 99.8/446
M1L VAC COP (472 aa) 97.5/447
Q2L 18583 220 25,2 O2L VAR BSH (220 aa) 99.5/220
17921 O2L VAR IND (220 aa) 99.5/220
M2L VAC COP (220 aa) 96.4/220
Q3L 19046 70 8,1 VAC host range, ankyrin motif Gillard et al. (1986)
18834 O3L VAR BSH (70 aa) 100/70 Lux et al. (1990)
O3L VAR IND (70 aa) 100/70
K1L VAC COP (284 aa) 90.5/63
P1L 19564 66 7,5 C1L VAR BSH (66 aa) 100/66
19364 C1L VAR IND (66 aa) 100/66
K1L VAC COP (284 aa) 97.0/66
P2L 20859
19738
373 42,7 Serine protease inhibitor
homolog, SPI-3
Boursnell et al. (1988)
C2L VAR BSH (373 aa) 99.7/373
C2L VAR IND (373 aa) 98.9/373
K2L VAC COP (369 aa) 93.3/373
P3L 21176
20910
88 10,5 Interferon resistance factor,
homolog of eIF-2a
Beattie et al. (1991)
Shchelkunov et al. (1996)
C3L VAR BSH (87 aa) 100/87
C3L VAR IND (88 aa) 100/88
K3L VAC COP (88 aa) 81.8/88
P4R 21431 149 17,4 C4R VAR BSH (149 aa) 100/149
21880 C4R VAR IND (149 aa) 100/149
K7R VAC COP (149 aa) 96.6/149
E1L 22872 312 36,4 C5L VAR BSH (237 aa) 99.1/223
21934 C5L VAR IND (251 aa) 85.4/240
F1L VAC COP (226 aa) 90.3/217
E2L 23315 147 16,5 dUTPase Broyles (1993)
22872 C6L VAR BSH (147 aa) 100/147
C6L VAR IND (147 aa) 100/147
F2L VAC COP (147 aa) 96.6/147
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TABLE 1—Continued
ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
E3L 23940 179 20,3 Kelch protein homolog Xue and Cooley (1993)
23401 C7L VAR BSH (161 aa) 98.1/156 Shchelkunov et al. (1998)
C7L VAR IND (179 aa) 98.3/179
F3L VAC COP (480 aa) 93.3/179
E4L 25746
24787
319 37,0 Ribonucleotide reductase,
small subunit
Slabaugh et al. (1988)
C8L VAR BSH (333 aa) 99.4/319
C8L VAR IND (333 aa) 99.1/319
F4L VAC COP (319 aa) 98.7/319
E5L 26822 348 39,8 C9L VAR BSH (348 aa) 99.7/348
25776 C9L VAR IND (348 aa) 99.1/348
F5L VAC COP (391 aa) 88.5/322
E6L 26997 72 8,4 C10L VAR BSH (72 aa) 98.6/72
26779 C10L VAR IND (72 aa) 98.6/72
F6L VAC COP (74 aa) 88.7/71
E7L 27250 78 9,2 C11L VAR BSH (79 aa) 97.5/79
27014 C11L VAR IND (79 aa) 97.5/79
F7L VAC COP (92 aa) 68.5/92
E8L 27597 65 7,9 C12L VAR BSH (65 aa) 98.5/65
27400 C12L VAR IND (65 aa) 100/65
F8L VAC COP (65 aa) 96.9/65
E9L 28295 212 23,7 C13L VAR BSH (212 aa) 100/212
27657 C13L VAR IND (212 aa) 100/212
F9L VAC COP (212 aa) 97.6/212
E10L 29601 439 52,2 Protein kinase, VPK2 Lin and Broyles (1994)
28282 C14L VAR BSH (439 aa) 99.1/439
C14L VAR IND (439 aa) 99.3/439
F10L VAC COP (439 aa) 98.6/437
E11L 30688 354 39,7 C15L VAR BSH (354 aa) 99.7/354
29624 C15L VAR IND (354 aa) 99.7/354
F11L VAC COP (354 aa) 96.0/354
E12L 32638 635 73,5 C16L VAR BSH (635 aa) 99.2/635
30731 C16L VAR IND (635 aa) 98.9/635
F12L VAC COP (635 aa) 95.6/635
E13L 33799
32681
372 41,9 Major envelope antigen of
extracellular virus (EEV), Lipase
Hirt et al. (1986)
Baek et al. (1997)
C17L VAR BSH (372 aa) 100/372
C17L VAR IND (372 aa) 99.7/372
F13L VAC COP (372 aa) 98.7/372
E14L 34039 73 8,3 C18L VAR BSH (73 aa) 98.6/73
33818 C18L VAR IND (73 aa) 98.6/73
F14L VAC COP (73 aa) 76.7/73
E15L 34793 161 19,1 C19L VAR BSH (161 aa) 100/161
34308 C19L VAR IND (161 aa) 100/161
F15L VAC COP (158 aa) 98.7/153
E16L 35485 231 26,5 C20L VAR BSH (231 aa) 99.1/231
34790 C20L VAR IND (231 aa) 99.1/231
F16L VAC COP (231 aa) 96.1/231
E17R 35548
35853
101 11,3 Core-associated DNA-binding
phosphoprotein, VP11
Kao and Bauer (1987)
C21R VAR BSH (101 aa) 100/101
C21R VAR IND (101 aa) 100/101
F17R VAC COP (101 aa) 97/101
C1L 37289
35850
479 55,6 Poly-A polymerase,
catalytic subunit
Gershon et al. (1991)
E1L VAR BSH (479 aa) 100/479
E1L VAR IND (479 aa) 99.6/479
E1L VAC COP (479 aa) 98.3/479
C2L 39499 737 86,0 E2L VAR BSH (737 aa) 99.7/737
37286 E2L VAR IND (737 aa) 99.9/737
E2L VAC COP (737 aa) 98.8/737
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TABLE 1—Continued
ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
C3L 40197
39619
192 21,8 Interferon resistance factor, dsRNA-
binding protein, apoptosis inhibition
Chang et al. (1992)
Lee and Esteban (1994)
E3L VAR BSH (192 aa) 98.9/192
E3L VAR IND (190 aa) 97.3/192
E3L VAC COP (190 aa) 94.8/192
C4L 41031 259 29,8 RNA polymerase, 30 kDa subunit Ahn et al. (1990a)
40252 E4L VAR BSH (259 aa) 99.2/259
E4L VAR IND (259 aa) 98.8/259
E4L VAC COP (259 aa) 98.5/259
C5R 41080 341 40,4 E5R VAR BSH (341 aa) 99.7/341
42105 E5R VAR IND (341 aa) 99.7/341
E5R VAC COP (331 aa) 95.5/331
C6R 42223 567 66,8 E6R VAR BSH (567 aa) 99.6/567
43926 E6R VAR IND (567 aa) 99.6/567
E6R VAC COP (567 aa) 97.4/567
C7L 44427 76 9,4 E7L VAR BSH (76 aa) 100/76
44197 E6.5L VAR IND (76 aa) 100/76
E orf C VAC COP (70 aa) 92.9/42
C8R 44621 273 31,9 E8R VAR BSH (273 aa) 99.6/273
45442 E8R VAR IND (273 aa) 99.6/273
E8R VAC COP (273 aa) 97.4/273
C9L 48465 1005 116,7 DNA polymerase Earl et al. (1986)
45448 E9L VAR BSH (1005 aa) 99.8/1005
E9L VAR IND (1005 aa) 99.7/1005
E9L VAC COP (1006 aa) 97.8/1006
C10R 48497 95 10,8 E10R VAR BSH (95 aa) 100/95
48784 E10R VAR IND (95 aa) 100/95
E10R VAC COP (95 aa) 96.8/95
C11L 49168 129 14,9 Core protein Wang and Shuman (1996)
48779 E11L VAR BSH (129 aa) 100/129
E11L VAR IND (129 aa) 100/129
E11L VAC COP (129 aa) 96.9/129
S1L 51155 666 77,4 Q1L VAR BSH (666 aa) 99.1/666
49155 Q1L VAR IND (666 aa) 98.5/666
O1L VAC COP (666 aa) 93.5/666
S2L 51528 108 12,4 Glutaredoxin Johnson et al. (1991)
51202 Q2L VAR BSH (108 aa) 100/108
Q2L VAR IND (108 aa) 100/108
O2L VAC COP (108 aa) 96.3/108
L1L 52613 312 35,8 Virosome associated protein Ryazankina et al. (1993)
51675 K1L VAR BSH (312 aa) 99.0/312
K1L VAR IND (312 aa) 97.1/312
I1L VAC COP (312 aa) 98.1/312
L2L 52841 73 8,5 K2L VAR BSH (73 aa) 100/73
52620 K2L VAR IND (73 aa) 100/73
I2L VAC COP (73 aa) 100/73
L3L 53651
52842
269 30,1 Major virosomal ssDNA-binding
phosphoprotein
Davis and Mathews (1993)
K3L VAR BSH (269 aa) 100/269
K3L VAR IND (269 aa) 100/269
I3L VAC COP (269 aa) 98.5/269
L4L 56049
53734
771 87,8 Ribonucleotide reductase,
large subunit
Schmitt and Stunnenberg (1988)
Tengelsen et al. (1988)
K4L VAR BSH (771 aa) 99.9/771
K4L VAR IND (771 aa) 99.9/771
I4L VAC COP (771 aa) 98.4/771
L5L 56316
56077
79 8,8 Intracellular mature virus (IMV)
surface membrane protein
Takahashi et al. (1994)
K5L VAR BSH (79 aa) 98.7/79
K5L VAR IND (79 aa) 98.7/79
I5L VAC COP (79 aa) 94.9/79
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TABLE 1—Continued
ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
L6L 57483 382 43,5 K6L VAR BSH (382 aa) 99.7/382
56335 K6L VAR IND (382 aa) 99.7/382
I6L VAC COP (382 aa) 99.2/382
L7L 58747 423 49,2 Virion protein Ericsson et al. (1995)
57476 K7L VAR BSH (423 aa) 99.8/423
K7L VAR IND (423 aa) 99.8/423
I7L VAC COP (423 aa) 99.1/423
L8R 58753 682 78,3 RNA helicase NPH-II, DNA helicase Shuman (1992)
60801 K8R VAR BSH (676 aa) 98.9/676 Bayliss and Smith (1996)
K8R VAR IND (676 aa) 98.8/676
I8R VAC COP (676 aa) 97.1/676
I1L 62580 591 68,0 Proteinase Whitehead and Hruby (1994)
60805 H1L VAR BSH (591 aa) 99.4/591
H1L VAR IND (591 aa) 99.7/591
G1L VAC COP (591 aa) 98.3/591
I2L 62912
62577
111 12,8 Intermediate and late gene
transcription elongation factor
Black and Condit (1996)
H2L VAR BSH (111 aa) 100/111
H2L VAR IND (111 aa) 100/111
G2L VAC COP (111 aa) 97.3/111
I3R 62906 220 25,7 H3R VAR BSH (220 aa) 100/220
63568 H3R VAR IND (220 aa) 100/220
G3R VAC COP (220 aa) 97.3/220
I4L 63912 124 14,0 Glutaredoxin Gvakharia et al. (1996)
63538 H4L VAR BSH (124 aa) 100/124
H4L VAR IND (124 aa) 100/124
G4L VAC COP (124 aa) 98.4/124
I5R 63915 434 49,9 H5R VAR BSH (434 aa) 99.5/434
65219 H5R VAR IND (434 aa) 99.5/434
G5R VAC COP (434 aa) 97.5/434
I6R 65227 63 7,3 RNA polymerase, 7 kDa subunit Amegadzie et al. (1992)
65418 H5.5R VAR BSH (63 aa) 100/63
H5.5R VAR IND (63 aa) 100/63
G5.5R VAC COP (63 aa) 96.8/63
I7R 65420 165 19,0 H6R VAR BSH (165 aa) 99.4/165
65917 H6R VAR IND (165 aa) 99.4/165
G6R VAC COP (165 aa) 98.2/165
I8L 66997 371 41,9 Virion protein Takahashi et al. (1994)
65882 H7L VAR BSH (371 aa) 100/371
H7L VAR IND (371 aa) 100/371
G7L VAC COP (371 aa) 99.2/371
I9R 67028 260 29,9 Late gene transcription factor, VLTF-1 Keck et al. (1990)
67810 H8R VAR BSH (260 aa) 99.6/260
H8R VAR IND (260 aa) 100/260
G8R VAC COP (260 aa) 99.6/260
I10R 67830 340 38,8 Myristylated late protein Martin et al. (1997)
68852 H9R VAR BSH (340 aa) 100/340
H9R VAR IND (340 aa) 100/340
G9R VAC COP (340 aa) 98.8/340
N1R 68853
69605
250 27,3 Major myristylated IMV surface
membrane protein
Ravanello and Hruby (1994)
M1R VAR BSH (250 aa) 99.6/250
M1R VAR IND (250 aa) 99.6/250
L1R VAC COP (250 aa) 99.6/250
N2R 69637 87 10,2 M2R VAR BSH (87 aa) 100/87
69900 M2R VAR IND (87 aa) 100/87
L2R VAC COP (87 aa) 97.7/87
N3L 70939 349 40,5 M3L VAR BSH (349 aa) 99.4/349
69890 M3L VAR IND (349 aa) 99.4/349
L3L VAC COP (350 aa) 95.1/350
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N4R 70964 251 28,5 Abundant core protein, VP8 Yang et al. (1988)
71719 M4R VAR BSH (251 aa) 99.2/251
M4R VAR IND (251 aa) 99.2/251
L4R VAC COP (251 aa) 99.6/251
N5R 71729 128 15,1 M5R VAR BSH (128 aa) 99.2/128
72115 M5R VAR IND (128 aa) 99.2/128
L5R VAC COP (128 aa) 99.2/128
M1R 72072 159 18,5 Virion protein Holzer and Falkner, personal
72551 L1R VAR BSH (159 aa) 100/159 communication
L1R VAR IND (159 aa) 99.4/159
J1R VAC COP (153 aa) 98.0/153
M2R 72548 177 20,0 Thymidine kinase Weir and Moss (1983)
73081 L2R VAR BSH (177 aa) 99.4/177
L2R VAR IND (177 aa) 99.4/177
J2R VAC COP (177 aa) 97.2/177
M3R 73147 333 38,9 Poly-A polymerase, regulatory subunit Gershon et al. (1991)
74148 L3R VAR BSH (333 aa) 99.7/333
L3R VAR IND (333 aa) 99.4/333
J3R VAC COP (333 aa) 97.3/333
M4R 74063 185 21,4 RNA polymerase, 22 kDa subunit Broyles and Moss (1986)
74620 L4R VAR BSH (185 aa) 100/185
L4R VAR IND (185 aa) 99.5/185
J4R VAC COP (185 aa) 98.4/185
M5L 75072 133 15,2 L5L VAR BSH (133 aa) 99.2/133
74671 L5L VAR IND (133 aa) 100/133
J5L VAC COP (133 aa) 98.5/133
M6R 75179 1286 146,8 RNA polymerase, 147 kDa subunit Broyles and Moss (1986)
79039 L6R VAR BSH (1286 aa) 99.8/1286
L6R VAR IND (1286 aa) 99.8/1286
J6R VAC COP (1286 aa) 99.1/1286
J1L 79551 171 19,7 Tyrosine/serine protein phosphatase Guan et al. (1991)
79036 I1L VAR BSH (171 aa) 100/171
I1L VAR IND (171 aa) 100/171
H1L VAC COP (171 aa) 97.7/171
J2R 79565 189 21,5 I2R VAR BSH (189 aa) 100/189
80134 I2R VAR IND (189 aa) 100/189
H2R VAC COP (189 aa) 98.9/189
J3L 81114 325 37,7 IMV surface membrane protein Chertov et al. (1991)
80137 I3L VAR BSH (325 aa) 99.7/325
I3L VAC IND (325 aa) 99.4/325
H3L VAC COP (324 aa) 97.2/325
J4L 83502 795 93,6 RNA polymerase-associated protein Ahn and Moss (1992)
81115 I4L VAR BSH (795 aa) 99.9/795
I4L VAR IND (795 aa) 99.9/795
H4L VAC COP (795 aa) 98.2/795
J5R 83688
84344
218 24,0 Virosome-associated late gene
transcription factor, VLTF-4
Kovacs and Moss (1996)
I5R VAR BSH (220 aa) 97.3/218
I5R VAR IND (221 aa) 96.8/221
H5R VAC COP (203 aa) 90.4/218
J6R 84345 314 36,7 DNA topoisomerase Shuman and Moss (1987)
85289 I6R VAR BSH (314 aa) 99.7/314
I6R VAR IND (314 aa) 99.7/314
H6R VAC COP (314 aa) 99.0/314
J7R 85326 146 16,9 I7R VAR BSH (146 aa) 100/146
85766 I7R VAR IND (146 aa) 100/146
H7R VAC COP (146 aa) 95.2/146
F1R 85810 844 96,7 mRNA capping enzyme, large subunit Morgan et al. (1984)
88344 F1R VAR BSH (844 aa) 99.6/844
F1R VAR IND (844 aa) 99.4/844
D1R VAC COP (844 aa) 98.8/844
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F2L 88743 146 16,9 Core protein Dyster and Niles (1991)
88303 F2L VAR BSH (146 aa) 100/146
F2L VAR IND (146 aa) 100/146
D2L VAC COP (146 aa) 99.3/146
F3R 88736 237 28,0 Core protein Dyster and Niles (1991)
89449 F3R VAR BSH (237 aa) 100/237
F3R VAR IND (237 aa) 100/237
D3R VAC COP (237 aa) 94.9/237
F4R 89449 218 25,1 Uracil DNA glycosylase Stuart et al. (1993)
90105 F4R VAR BSH (218 aa) 100/218
F4R VAR IND (218 aa) 99.1/218
D4R VAC COP (218 aa) 98.6/218
F5R 90137 785 90,5 DNA-independent ATPase Evans et al. (1995)
92494 F5R VAR BSH (785 aa) 99.7/785
F5R VAR IND (785 aa) 99.7/785
D5R VAC COP (785 aa) 98.5/785
F6R 92535
94448
637 73,8 Early transcription factor VETF,
small subunit
Broyles and Fesler (1990)
F6R VAR BSH (637 aa) 99.7/637
F6R VAR IND (637 aa) 99.8/637
D6R VAC COP (637 aa) 99.4/637
F7R 94457 161 17,8 RNA polymerase, 18 kDa subunit Ahn et al. (1990b)
94960 F7R VAR BSH (161 aa) 99.4/161
F7R VAR IND (161 aa) 99.4/161
D7R VAC COP (161 aa) 96.9/161
F8L 95837 304 35,4 Cell surface-binding protein Maa et al. (1990)
94923 F8L VAR BSH (304 aa) 100/304
F8L VAR IND (304 aa) 100/304
D8L VAC COP (304 aa) 96.1/304
F9R 95879 213 24,9 F9R VAR BSH (213 aa) 100/213
96520 F9R VAR IND (213 aa) 100/213
D9R VAC COP (213 aa) 98.6/213
F10R 96517 248 28,9 Down regulation of gene expression Shors et al. (1999)
97263 F10R VAR BSH (248 aa) 100/248
F10R VAR IND (248 aa) 99.2/248
D10R VAC COP (248 aa) 98.8/248
O1L 99159 631 72,4 NTPase I Rodriguez et al. (1986)
97264 N1L VAR BSH (631 aa) 99.7/631
N1L VAR IND (631 aa) 99.7/631
D11L VAC COP (631 aa) 98.6/631
O2L 100056
99193
287 33,3 mRNA capping enzyme,
small subunit
Niles et al. (1989)
N2L VAR BSH (287 aa) 99.7/287
N2L VAR IND (287 aa) 99.7/287
D12L VAC COP (287 aa) 99.3/287
O3L 101742
100087
551 61,9 Protein needed for the formation of
immature IMV surface membrane
Zhang and Moss (1992)
N3L VAR BSH (551 aa) 99.8/551
N3L VAR IND (551 aa) 99.8/551
D13L VAC COP (551 aa) 99.1/551
A1L 102218 150 26,3 Late gene transcription factor, VLTF-2 Keck et al. (1990)
101766 A1L VAR BSH (150 aa) 100/150
A1L VAR IND (150 aa) 100/150
A1L VAC COP (150 aa) 98.7/150
A2L 102913 224 26,3 Late gene transcription factor, VLTF-3 Keck et al. (1990)
102239 A2L VAR BSH (224 aa) 100/224
A2L VAR IND (224 aa) 100/224
A2L VAC COP (224 aa) 100/224
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A3L 103140 76 8,9 A3L VAR BSH (76 aa) 100/76
102910 A2.5L VAR IND (76 aa) 100/76
— VAC COP —
A4L 105089 644 72,7 Major core protein p4b Rosel and Moss (1985)
103155 A4L VAR BSH (644 aa) 100/644
A3L VAR IND (644 aa) 100/644
A3L VAC COP (644 aa) 98.9/644
A5L 105957 271 30,0 39K immunodominant core protein Maa and Esteban (1987)
105142 A5L VAR BSH (271 aa) 98.9/271
A4L VAR IND (271 aa) 98.9/271
A4L VAC COP (281 aa) 90.9/275
A6R 105995
106489
164 19,0 Precursor of RNA polymerase
21 kDa and 22 kDa subunits
Ahn et al. (1992)
A6R VAR BSH (164 aa) 100/164
A5R VAR IND (164 aa) 99.4/164
A5R VAC COP (164 aa) 99.4/164
A7L 107604 372 43,2 A7L VAR BSH (372 aa) 100/272
106486 A6L VAR IND (372 aa) 100/272
A6L VAC COP (372 aa) 98.1/372
A8L 109760
107628
710 82,5 Early transcription factor VETF,
large subunit
Gershon and Moss (1990)
A7L VAR BSH (710 aa) 99.9/710
A7L VAR IND (710 aa) 99.9/710
A7L VAC COP (710 aa) 98.5/710
A9R 109814
110680
288 33,5 Intermediate transcription factor
VITF-3, 34 kDa subunit
Sanz and Moss (1999)
A9R VAR BSH (288 aa) 99.7/288
A8R VAR IND (288 aa) 99.7/288
A8R VAC COP (288 aa) 95.8/288
A10L 110964 95 10,7 A10L VAR BSH (95 aa) 100/95
110677 A9L VAR IND (95 aa) 98.9/95
A9L VAC COP (99 aa) 93.8/96
A11L 113643 892 102,3 Major core protein p4a Van Meir and Wittek (1988)
110965 A11L VAR BSH (892 aa) 99.8/892
A10L VAR IND (892 aa) 99.8/892
A10L VAC COP (891 aa) 97.6/892
A12R 113658 319 36,3 A12R VAR BSH (319 aa) 99.7/319
114617 A11R VAR IND (319 aa) 99.7/317
A11R VAC COP (318 aa) 98.7/319
A13L 115188 189 20,2 Core protein Whitehead and Hruby (1994)
114619 A13L VAR BSH (189 aa) 99.5/189
A12L VAR IND (189 aa) 99.5/189
A12L VAC COP (192 aa) 96.4/192
A14L 115418 68 7,6 IMV surface membrane protein Takahashi et al. (1994)
115212 A14L VAR BSH (68 aa) 98.5/68
A13L VAR IND (68 aa) 98.5/68
A13L VAC COP (70 aa) 85.7/70
A15L 115798 90 10,0 IMV surface membrane protein Takahashi et al. (1994)
115526 A15L VAR BSH (90 aa) 100/90
A14L VAR IND (90 aa) 100/90
A14L VAC COP (90 aa) 97.8/90
A16L 116250 94 11,0 A16L VAR BSH (94 aa) 100/94
115966 A15L VAR IND (94 aa) 100/94
A15L VAC COP (94 aa) 97.9/94
A17L 117367 377 43,6 Myristylated late protein Martin et al. (1997)
116234 A17L VAR BSH (377 aa) 99.5/377
A16L VAR IND (377 aa) 99.2/377
A16L VAC COP (378 aa) 97.6/378
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A18L 117981 203 23,0 IMV surface membrane protein Ichihashi et al. (1994)
117370 A18L VAR BSH (203 aa) 100/203
A17L VAR IND (203 aa) 100/203
A17L VAC COP (203 aa) 100/203
A19R 117996 493 56,7 DNA helicase Simpson and Condit (1995)
119477 A19R VAR BSH (493 aa) 99.6/493
A18R VAR IND (493 aa) 99.6/493
A18R VAC COP (493 aa) 96.8/493
A20L 119688 76 8,3 A20L VAR BSH (76 aa) 98.7/76
119458 A19L VAR IND (76 aa) 100/76
A19L VAC COP (77 aa) 93.5/77
A21L 120042 117 13,7 A22L VAR BSH (117 aa) 100/117
119689 A20L VAR IND (117 aa) 100/117
A21L VAC COP (117 aa) 98.3/117
A22R 120041
121321
426 49,2 Processivity factor for the viral DNA
polymerase, VPF
Traktman et al., personal
communication
A21R VAR BSH (426 aa) 99.3/426
A21R VAR IND (426 aa) 99.3/426
A20R VAC COP (426 aa) 97.2/426
A23R 121251 187 22,0 A23R VAR BSH (187 aa) 98.9/187
121814 A22R VAR IND (187 aa) 98.9/187
A22R VAC COP (176 aa) 97.2/176
A24R 121834
122982
382 44,6 Intermediate transcription factor
VITF-3, 45 kDa subunit
Sanz and Moss (1999)
A24R VAR BSH (382 aa) 99.7/382
A23R VAR IND (382 aa) 99.7/382
A23R VAC COP (382 aa) 98.4/382
A25R 122979 1164 133,4 RNA polymerase, 132 kDa subunit Hooda-Dhingra et al. (1990)
126473 A25R VAR BSH (1164 aa) 99.8/1164
A24R VAR IND (1164 aa) 99.8/1164
A24R VAC COP (1164 aa) 99.0/1163
A26L 127031 134 15,6 CPV ATI protein (1219 aa) Patel and Pickup (1987)
126627 A26L VAR BSH (96 aa) 97.3/73 Funahashi et al. (1988)
A25L VAR IND (96 aa) 97.3/73 Shchelkunov et al. (1994)
A26L VAC COP (322 aa) 86.6/119
A27L 127379 101 11,7 CPV ATI protein (1219 aa)
127074 A27L VAR BSH (65 aa) 98.5/65
A26L VAR IND (65 aa) 100/65
— VAC COP —
A28L 128008 194 23,1 CPV ATI protein (1219 aa)
127424 A28L VAR BSH (192 aa) 92.4/194
A27L VAR IND (194 aa) 97.4/194
— VAC COP —
A29L 130184 702 81,3 CPV ATI protein (1219 aa)
128076 A29L VAR BSH (702 aa) 99.9/702
A28L VAR IND (702 aa) 99.7/702
— VAC COP —
A30L 131725 498 57,9 CPV ATI flanking protein (214 aa) Patel and Pickup (1987)
130229 A30L VAR BSH (498 aa) 99.8/498
A29L VAR IND (498 aa) 99.4/498
A26L VAC COP (322 aa) 95.9/197
A31L 132108
131776
110 12,5 IMV surface membrane 14 kDa
fusion protein
Rodriguez and Esteban (1987)
A31L VAR BSH (110 aa) 100/110
A30L VAR IND (110 aa) 99.1/110
A27L VAC COP (110 aa) 97.3/110
A32L 132549 146 16,2 A31.5L VAR BSH (146 aa) 100/146
132109 A31L VAR IND (146 aa) 100/146
A28L VAC COP (146 aa) 96.6/146
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A33L 133467 305 35,4 RNA polymerase, 35 kDa subunit Amegadzie et al. (1991)
132550 A32L VAR BSH (305 aa) 100/305
A32L VAR IND (305 aa) 100/305
A29L VAC COP (305 aa) 97.7/305
A34L 133663 77 8,7 A33L VAR BSH (77 aa) 100/77
133430 A33L VAR IND (77 aa) 100/77
A30L VAC COP (77 aa) 100/77
A35R 133823 146 17,1 A34R VAR BSH (140 aa) 93.5/139
134263 A34R VAR IND (140 aa) 93.5/139
A31R VAC COP (124 aa) 94.1/119
A36L 135042 270 31,0 ATP/GTP-binding site motif A Johnson et al. (1993)
134230 A35L VAR BSH (270 aa) 100/270
A35L VAR IND (270 aa) 100/270
A32L VAC COP (300 aa) 98.1/270
A37R 135160 184 20,5 EEV envelope glycoprotein Roper et al. (1996, 1998)
135714 A36R VAR BSH (184 aa) 100/184
A36R VAR IND (184 aa) 100/184
A33R VAC COP (185 aa) 94.1/185
A38R 135738 168 19,6 EEV envelope protein Blasco et al. (1993)
136244 A37R VAR BSH (168 aa) 99.4/168 Wolffe et al. (1997)
A37R VAR IND (168 aa) 98.8/168
A34R VAC COP (168 aa) 98.2/168
A39R 136286 60 6,9 A37.5R VAR BSH (60 aa) 100/60
136468 A38R VAR IND (60 aa) 100/60
A35R VAC COP (176 aa) 95.0/60
A40R 136880 216 24,5 EEV envelope protein Parkinson and Smith (1994)
137530 A38R VAR BSH (216 aa) 99.5/216 Wolffe et al. (1998)
A39R VAR IND (216 aa) 100/216
A36R VAC COP (221 aa) 94.6/221
A41L 137684 77 9,4 A39L VAR BSH (77 aa) 98.7/77
137451 A39.5L VAR IND (77 aa) 98.7/77
— VAC COP —
A42R 137718 68 7,6 A40R VAR BSH (68 aa) 97.1/68
137924 A40R VAR IND (68 aa) 97.1/68
A37R VAC COP (263 aa) 91.0/67
A43R 138450 62 7,1 — VAR BSH —
138638 A40.5R VAR IND (62 aa) 100/62
— VAC COP —
A44L 139468 277 31,6 Integral membrane glycoprotein Parkinson et al. (1995)
138635 A41L VAR IND (277 aa) 100/277
A38L VAC COP (277 aa) 94.6/277
A45R 139484 74 8,5 — VAR BSH —
139708 A42R VAR IND (73 aa) 98.6/74
A39R VAC COP (403 aa) 92.9/71
A46R 139907 122 19,3 A42R VAR BSH (122 aa) 100/122
140275 A43R VAR IND (122 aa) 100/122
A39R VAC COP (403 aa) 84.3/102
A47R 140262 139 16,4 A43R VAR BSH (139 aa) 98.6/139
140681 A44R VAR IND (139 aa) 97.8/139
A39R VAC COP (403 aa) 73.9/138
A48R 140708 61 6,8 Lectin homolog Goebel et al. (1990)
140893 A43.5R VAR BSH (61 aa) 98.3/61
A45R VAR IND (61 aa) 98.3/61
A40R VAC COP (168 aa) 93.2/59
A49L 141942 218 25,0 A44L VAR BSH (218 aa) 99.5/218
141286 A46L VAR IND (218 aa) 99.1/218
A41L VAC COP (219 aa) 95.4/219
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A50R 142121 133 15,0 Profilin homolog Goebel et al. (1990)
142522 A45R VAR BSH (133 aa) 100/133 Blasco et al. (1991)
A47R VAR IND (133 aa) 100/133
A42R VAC COP (133 aa) 97.0/133
A51R 142560 195 22,8 A46R VAR BSH (195 aa) 100/195
143147 A48R VAR IND (195 aa) 100/195
A43R VAC COP (194 aa) 93.3/195
A52L 143894
143589
101 11,8 3-b-Hydroxy-delta5-steroid
dehydrogenase
Moore and Smith (1992)
A47L VAR BSH (210 aa) 96.0/101
A49L VAR IND (210 aa) 96.0/101
A44L VAC COP (346 aa) 90.1/101
A53L 144148 70 7,9 A47L VAR BSH (210 aa) 95.1/61
143936 A49L VAR IND (210 aa) 93.4/61
A44L VAC COP (346 aa) 95.1/61
A54L 144502 61 6,9 A47.5L VAR BSH (61 aa) 98.4/61
144317 A50L VAR IND (61 aa) 98.4/61
A44L VAC COP (346 aa) 83.6/61
A55R 144552 125 13,7 Superoxide dismutase homolog Goebel et al. (1990)
144929 A48R VAR BSH (125 aa) 100/125
A51R VAR IND (125 aa) 100/125
A45R VAC COP (125 aa) 96.0/125
A56R 144919 240 27,6 A49R VAR BSH (240 aa) 98.8/240
145641 A52R VAR IND (240 aa) 98.3/240
A46R VAC COP (214 aa) 96.2/186
K1L 146460 244 28,4 J1L VAR BSH (244 aa) 99.6/244
145726 J1L VAR IND (244 aa) 99.6/244
A47L VAC COP (244 aa) 93.9/244
K2R 146558 205 23,4 Thymidylate kinase Smith et al. (1989b)
147175 J2R VAR BSH (205 aa) 100/205 Hughes et al. (1991)
J2R VAR IND (205 aa) 100/205
A48R VAC COP (204 aa) 98.0/205
K3R 147225 162 18,8 J3R VAR BSH (162 aa) 100/162
147713 J3R VAR IND (162 aa) 100/162
A49R VAC COP (162 aa) 94.4/162
K4R 147745 552 63,4 DNA ligase Kerr and Smith (1989)
149403 J4R VAR BSH (552 aa) 99.6/552 Smith et al. (1989a)
J4R VAR IND (552 aa) 99.8/552
A50R VAC COP (552 aa) 97.5/552
K5R 149456 334 37,6 J5R VAR BSH (334 aa) 100/334
150460 J5R VAR IND (334 aa) 100/334
A51R VAC COP (334 aa) 92.5/334
K6R 150592 168 20,2 — VAR BSH —
151098 J6R VAR IND (71 aa) 100/70
A52R VAC COP (190 aa) 88.0/166
K7R 151214 71 8,2 — VAR BSH —
151429 J7R VAR IND (71 aa) 98.6/71
A55R VAC COP (564 aa) 87.8/74
K8R 151445 70 7,8 Kelch protein homolog Xue and Cooley (1993)
151657 J6R VAR BSH (172 aa) 94.1/51 Shchelkunov et al. (1998)
J8R VAR IND (172 aa) 94.1/51
A55R VAC COP (564 aa) 89.2/65
K9R 152044 318 35,1 Hemagglutinin Shida (1986)
153000 J7R VAR BSH (313 aa) 93.9/264
J9R VAR IND (313 aa) 93.6/264
A56R VAC COP (315 aa) 85.9/319
K10R 153144 151 17,5 Guanylate kinase homolog Smith et al. (1991)
153599 J8R VAR BSH (151 aa) 97.4/151
J10R VAR IND (151 aa) 97.4/151
A57R VAC COP (193 aa) 91.4/151
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H1R 153757 300 34,2 Serine/threonine protein kinase Banham and Smith (1992)
154659 B1R VAR BSH (300 aa) 99/300 Lin et al. (1992)
B1R VAR IND (300 aa) 99/300
B1R VAC COP (300 aa) 96.7/300
H2L 155421 65 7,3 B3L VAR BSH (65 aa) 98.5/65
155224 B3L VAR IND (65 aa) 98.5/65
B2L VAC COP (95 aa) 86.9/46
H3R 155489 65 7,5 — VAR BSH —
155686 — VAR IND —
B3R VAC COP (124 aa) 77.4/62
H4L 155991 67 7,3 B4L VAR BSH (85 aa) 100/67
155788 B4L VAR IND (85 aa) 100/67
— VAC COP —
H5R 155972 92 10,7 — VAR BSH —
156250 — VAR IND —
— VAC COP —
H6R 156467 558 65,2 Ankyrin motif Shchelkunov et al. (1993b, 1998)
158143 B5R VAR BSH (558 aa) 99.6/558
B6R VAR IND (558 aa) 99.6/558
B4R VAC COP (558 aa) 94.1/558
H7R 158246 317 35,2 EEV envelope glycoprotein Englestad et al. (1992)
159199 B6R VAR BSH (317 aa) 99.7/317 Isaacs et al. (1992)
B7R VAR IND (317 aa) 100/317
B5R VAC COP (317 aa) 93.4/316
H8R 159604 65 7,4 B7R VAR BSH (65 aa) 100/65
159801 B8R VAR IND (56 aa) 100/45
B6R VAC COP (173 aa) 95.4/65
H9R 160435 266 30,4 Interferon-g binding protein Upton et al. (1992)
161235 B8R VAR BSH (266 aa) 98.9/266 Seregin et al. (1996)
B9R VAR IND (266 aa) 98.5/266
B8R VAC COP (272 aa) 91.6/263
H10R 161915 76 8,4 B9R VAR BSH (74 aa) 97.4/76
162145 B10R VAR IND (97 aa) 97.4/76
— VAC COP —
H11R 162410 76 8,9 — VAR BSH —
162640 — VAR IND —
— VAC COP —
H12R 162637 138 15,6 B10R VAR BSH (65 aa) 100/56
163053 B11R VAR IND (65 aa) 100/56
— VAC COP —
D1R 163309 134 16,3 Protein kinase homolog Howard and Smith (1989)
163713 B11R VAR BSH (104 aa) 100/104
B12R VAR IND (134 aa) 100/104
B12R VAC COP (283 aa) 80.3/71
D2R 163610
164644
344 38,5 Serine protease inhibitor homolog,
SPI-2, apoptosis inhibition
Kotwal and Moss (1989)
Turner et al. (1995)
B12R VAR BSH (344 aa) 99.1/344
B13R VAR IND (344 aa) 99.1/344
B13R VAC COP (116 aa) 89.5/114
B14R VAC COP (222 aa) 90.9/220
D3R 164751 149 17,4 B13R VAR BSH (149 aa) 99.3/149
165200 B14R VAR IND (149 aa) 99.3/149
B15R VAC COP (149 aa) 96.0/149
D4R 165448 63 7,1 Interleukin-1b binding protein Smith and Chan (1991)
165639 B13.5R VAR BSH (63 aa) 98.6/69
B15R VAR IND (63 aa) 98.4/63
B16R VAC COP (290 aa) 86.9/61
D5L 165912 97 11,8 B14L VAR BSH (69 aa) 98.6/69
165619 B16L VAR IND (86 aa) 95.2/63
— VAC COP —
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ORF
Start
Stop
Protein size
Comments/Homologc Identityd Referencesaaa kDab
D6R 165969 69 7,7 — VAR BSH —
166178 B17R VAR IND (69 aa) 98.6/69
B16R VAC COP (290 aa) 88.2/68
D7L 167350 340 39,7 B15L VAR BSH (340 aa) 100/340
166328 B18L VAR IND (340 aa) 100/340
B17L VAC COP (340 aa) 96.5/340
D8R 167491 574 68,1 Ankyrin motif Shchelkunov et al. (1993b, 1998)
169215 B16R VAR BSH (574 aa) 99.5/574
B19R VAR IND (574 aa) 99.5/574
B18R VAC COP (574 aa) 93.6/574
D9R 169282
170349
355 41,0 Surface antigen, interferon-a/b
binding protein
Ueda et al. (1990)
Symons et al. (1995)
B17R VAR BSH (354 aa) 99.4/356
B20R VAR IND (354 aa) 99.2/356
B19R VAC COP (353 aa) 87.9/355
D10R 170418 787 93,7 Ankyrin motif Shchelkunov et al. (1993b, 1998)
172781 B18R VAR BSH (787 aa) 99.2/787
B21R VAR IND (787 aa) 99.1/787
B20R VAC COP (127 aa) 95.1/123
D11R 173079
173291
70 8,6 Discontinuous ORF (VAR IND B22R-
B24R) with homology to kelch protein
Senkevich et al. (1993)
Shchelkunov et al. (1998)
B19R VAR BSH (70 aa) 97.1/70
B22R VAR IND (70 aa) 97.1/70
— VAC COP —
D12R 173273 127 15,1 — VAR BSH —
173656 B23R VAR IND (83 aa) 98.8/82
— VAC COP —
D13R 173709 88 10,0 B20R VAR BSH (88 aa) 98.9/88
173975 B24R VAR IND (88 aa) 100/88
— VAC COP —
D14R 173972
175090
372 43,1 Serine protease inhibitor homolog,
SPI-1, apoptosis inhibition
Kotwal and Moss (1989)
Smith et al. (1989c)
B21R VAR BSH (372 aa) 99.5/372 Turner et al. (1995)
B25R VAR IND (372 aa) 99.5/372
— VAC COP —
D15R 176098 1896 213,6 B22R VAR BSH (1897 aa) 99.6/1897
181788 B26R VAR IND (1896 aa) 99.7/1896
— VAC COP —
G1R 182442 585 69,0 Ankyrin motif Shchelkunov et al. (1993b, 1998)
184199 G1R VAR BSH (585 aa) 98.8/585
G1R VAR IND (585 aa) 98.8/585
B25R VAC COP (259 aa) 81.4/221
B26R VAC COP (103 aa) 70.9/103
B27R VAC COP (113 aa) 88.7/97
G2R 184281 349 38,3 Tumor necrosis factor binding protein Shchelkunov et al. (1993a)
185330 G2R VAR BSH (348 aa) 98.9/349
G2R VAR IND (349 aa) 98.9/349
B28R VAC COP (122 aa) 86.5/89
G3R 185456 253 27,5 Chemokine binding protein Graham et al. (1997)
186217 G3R VAR BSH (253 aa) 100/253 Smith et al. (1997)
G3R VAR IND (253 aa) 99.3/253
B29R VAC COP (244 aa) 92.6/242
G4R 186405 165 18,9 — VAR BSH —
186902 — VAR IND —
— VAC COP —
a Number of deduced amino acids (aa) encoded within an ORF.
b Predicted M r (kDa) for the unmodified protein.
c Experimentally revealed functions of viral proteins or homologies based on searching PIR and SWISS–PROT databases.
d Values of amino acid sequence identity (in percent) are presented and calculated for overlapping regions of homologous ORFs.
e A dash indicates a lack of ORF relative to VAR-GAR due to deletions or mutations in nucleotide sequence of the virus.
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376 SHCHELKUNOV ET AL.Proteins containing kelch repeats
Kelch-repeat-containing proteins of Drosophila are
suspected to interact with cytoskeletal actin filaments
(Xue and Cooley, 1993; Robinson and Colley, 1997). Pre-
viously, we described a novel group of putative proteins
specified by orthopoxviruses, including CPV-GRI and
VAC-COP, that resemble those in the kelch family
(Shchelkunov, 1995; Shchelkunov et al., 1998). In partic-
ular, these viruses encode proteins similar to a Drosoph-
ila kelch protein that forms intercellular cytoplasmic
bridges or ring canals. Thus we had suggested (Senkev-
ich et al., 1993) that such proteins may also bind the
cytoskeleton and thereby play a role in virus–host inter-
actions. CPV-GRI contains six ORFs for proteins related
to kelch-repeat-containing proteins, and VAC-COP con-
tains three such ORFs (C2L, F3L, and A55R). However,
compared with VAC-COP and CPV-GRI, the correspond-
ing sequences are either deleted or highly interrupted by
termination codons in VAR-BSH, VAR-IND (Shchelkunov,
1995). As Table 1 (E3L) and Fig. 1 (regions B, E, and H
and E3L) indicate, the pattern of interruption in VAR-GAR
sequences differ in each case from that in VAR-IND and
VAR-BSH, except for E3L, which is 98% like the cognate,
C7L, in VAR-IND and VAR-BSH.
We suggested that such proteins may function to
“buffer” or decrease the pathogenic effects of or-
thopoxviruses and are possibly involved in virus
growth in the host (Shchelkunov et al., 1998). One
reason for this speculation is that variola major and
minor virus DNAs show rather extensive terminating
codon interruptions compared with DNAs of vaccinia
and cowpox viruses, which are less virulent.
Homologs of the major protein of the orthopoxvirus
A-type inclusion
At a late time postinfection, orthopoxviruses abun-
dantly express a protein, which, depending on its length,
may condense to form acidophilic type inclusions (ATIs)
in the cytoplasm (Patel and Pickup, 1987; Funahashi et
al., 1988). Based on sequencing, microscopy, or SDS–
PAGE data, cowpox, ectromelia, raccoonpox, volepox,
and skunkpoxviruses produce an ATI composed of a
major protein that migrates at ;160 kDa by SDS–PAGE.
However, variola, vaccinia, camelpox, and monkeypox
viruses produce a ;90 kDa or smaller species that
appears unable to resolve structurally to an ATI (De
Carlos and Paez, 1991; Knight et al., 1992). Sequencing
ata have indicated that the CPV protein contains 10
andem repeats of amino acid sequences between res-
dues 611 and 1003 (Funahashi et al., 1988). VAC-WR
contains a termination codon that truncates the base
sequences to express only the last four repeats at the
C-terminal (De Carlos and Paez, 1991), and VAC-COP
(Fig. 1, region C) shows a rather large deletion. ORFs
A29L of VAR-GAR and A28L of VAR-IND retain sequences
s
Dto possibly express only the three repeats at the C
terminus. The presence of 26-bp direct repeats flanking
the variola ATI sequence region has suggested
(Shchelkunov et al., 1994) that intragenomic recombina-
tion may have caused the deletion.
3b-Hydroxysteroid dehydrogenase homologs
The enzyme 3b-hydroxysteroid dehydrogenase (3b-
HSD) is involved in biosynthesis of cellular steroid hor-
mones that may have a variety of physiological activities.
Vaccinia virus expresses a functional 3b-HSD homolog
Moore and Smith, 1992). However, the corresponding
equences in VAR-GAR are interrupted by stop codons to
orm three ORFs, A52L-A54L (Fig. 1, region D), and in
AR-IND and VAR-BSH interruptions produce two ORFs.
f the three potential VAR-GAR ORFs, A52L is much like
AR-IND A49L and VAR-BSH A47L (Table 1), and the two
thers align with the remaining ORF in the variola major
iruses.
omologs of Schlafen proteins
Schlafen (Slfn) proteins inhibit cell growth and T-cell
evelopment and play a role in regulating the cell growth
ycle (Schwarz et al., 1998). Shchelkunov et al., (1998)
howed an ORF B2R in the sequences of CPV-GRI, and
chwarz et al., (1998) indicated that B2R may encode a
lfn-like protein, but the activity of the putative protein is
nknown. In VAR-GAR sequences, the corresponding
egion is interrupted by stop codons to form four small
RFs, H2L, H3R, H4L, and H5R (Fig. 1, region F) and in
AR-IND the sequences are interrupted differently. The
oncept that CPV is ancestral to variola virus is sup-
orted because CPV contains the longer uninterrupted
equences, which more closely resemble the cellular
omolog.
4R, the right-end ORF
Massung et al., (1996) discovered an ORF, G4R, within
he right-end region of the VAR-GAR sequences (Fig. 1,
egion I) that is almost entirely located in a region of
hort 69-bp tandem repeats; thus, the putative protein,
hich is of unknown function, may contain seven 23-
mino-acid repeats. Search for homologs of the protein
n other organisms showed no correlate in the database.
roteins containing Asp–Ile–Asp repeats
VAR-GAR E1L contains 31 tandem repeats of ATC-
ATATC, each coding for Asp-Ile-Asp (D-I-D). Figure 3
hows an alignment of the E1L-encoded amino acid
equences with those coded for by VAR-IND, VAR-BSH,
AC-COP, and VAC-WR. VAC-COP F1L specifies only one
opy of the repeat; however, VAR-BSH and VAR-IND
pecify 7 and 14 copies, respectively. Other variola virus
NAs sequenced in this region (Massung et al., 1996)
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379ALASTRIM VIRUS DNA SEQUENCEScontain the repeats, and the number appears to be
strain-specific. The function of the putative protein is
unknown; however, the effect of all these repeats in
variola viruses should produce a gene product with a
high net negative charge.
Late transcription factor VLTF-4
ORFs of vaccinia virus specifying virosome-associated
late transcription factors, VLTF-1, -2, and -3, correspond
to VAR-GAR I9R, A1L, and A2L, respectively (Table 1).
Each of these ORFs shows high identity in other or-
thopoxviruses examined, including the VAR-IND and
VAR-BSH. Recently, a fourth factor, VLTF-4, was de-
scribed that is specified by VAC-COP H5R (Kovacs and
Moss, 1996). However, the correlate of H5R in VAR-GAR,
J5R and the variola viruses (I5R) is rather variable, which
is unusual because the ORF is located in the central part
of the genome, a region of highly conserved sequences
based on orthopoxvirus restriction maps (Esposito and
Knight, 1985; Shchelkunov, 1995). VAR-IND, which is a
FIG. 1. Alignment of enumerated ORFs in VAR-GAR, VAR-IND and VAC
Small dots indicate relative deletions that exceed 150-bp of DNA or 50
for VAR-GAR and VAR-IND. The numbers at the right indicate the numbe
and marked using bold letters A–I best distinguish the three viruses.highly virulent virus associated with 27% of case fatali-
ties in India in 1967, encodes a putative protein contain-ing 221 amino acid residues; VAR-BSH, 220 residues;
VAR-GAR, 218 residues; and VAC-COP, 203 residues (Ta-
ble 1). It may be that the efficiency of transcription factor
activity is defined by the extent of amino acids se-
quences, which may in turn influence virus growth in
cells and possibly virulence capacity. In this regard, we
previously described three potential calcium-binding do-
mains encoded by VAR-IND I5R (Shchelkunov et al.,
Arrowheads (.) indicate the transcriptional direction of potential ORFs
s within the ORFs. The left and right terminal XhoI sites are indicated
ses being compared between the three viruses. The regions enframed
FIG. 2. Percent sequence identity between the region containing
VAR-GAR B9L-B12L (7070–8822 bp) and the correlate region in VAC--COP.
codon
r of baCOP (-  - GAR-COP) and CPV-GRI (- M - GAR-GRI). Percents identity
were determined for each 160-bp across the sequenced region.
1t
380 SHCHELKUNOV ET AL.1993c). As shown in Fig. 4, VAR-GAR shows a two-codon
deletion in the third putative domain. Additionally, VAR-
BSH shows a deletion of a codon that interrupts the
second putative domain. And VAC-COP H5R sequences
show two of the three domains are disrupted.
Right-end alastrim-specific DNA
Massung and colleagues (1996) described a 627-bp
segment comprising VAR-GAR H11R and the amino por-
tion of H12R that is absent in VAC-COP, VAR-BSH and
VAR-IND sequences (Table 1; Fig. 1, region G). VAR-BSH
and VAR-IND show small ORFs, B10R and B11R, respec-
tively, that encode the carboxyl end of the protein spec-
ified by VAR-GAR H12R. They noted that cross-hybridiza-
tion and PCR showed the segment in other alastrim
isolates; however, no such sequences were detected in
variola major strains and Somalian variola minor virus
nor in selected strains of vaccinia, monkeypox, cowpox,
camelpox, or ectromelia viruses. A computer search
failed to reveal any homologs of the putative proteins
H11R and H12R of VAR-GAR. It is interesting to note that
the 627-bp segment is a part of an extended variola-
specific genome region of 2068 bp that is between the
FIG. 3. Pairwise alignment of amino acid sequences specified by VA
hat specify Asp–Ile–Asp (D-I-D) repeat containing proteins.VAR-GAR ORFs H9R and D1R (Fig. 1) (Shchelkunov et al.,
998).Conclusions
In the present report, our examination of the genome
of VAR-GAR (Massung et al., 1995, 1996) is extended to
encompass the entire coding sequence. We compared
these sequences with correlate sequences of variola
major and vaccinia viruses (Goebel et al., 1990; Johnson
et al., 1993; Massung et al., 1993, 1994; Shchelkunov et
al., 1993d, 1995). We have arrived at several conclusions.
First, although variola viruses were traditionally clas-
sified on the basis of epidemiological criteria as major or
minor, depending on the case-fatality rate associated
with the outbreak (Fenner et al., 1988), laboratory biolog-
ical and DNA analyses indicated that more than two
types, major and minor, existed in nature. By laboratory
assays, variola minor isolates from certain African coun-
tries were more like variola major isolates than true
South American variola minor viruses, termed alastrim
viruses (Dumbell and Huq, 1975, 1986; Esposito et al.,
1978; Mackett and Archard, 1979; Esposito and Knight,
1985; Massung et al., 1995, 1996).
Second, it appears from the sequences that no single
change in a gene is related to the low case-fatality rate
E1L and correlate ORFs of VAR-IND, VAR-BSH, VAC-COP, and VAC-WRR-GARof alastrim virus. Rather it is more likely to be a variety of
point substitutions, deletions, or insertions, which may
lkunov
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number of protein, or add proteins, that define virulence
outcome. In this regard, pair-wise alignment of 206 non-
overlapping ORFs in VAR-GAR with corresponding ORFs
in VAR-BSH and VAR-IND showed that about one-third of
VAR-GAR ORFs shared 100% identity, although most
were greater than 95% identical (Table 1). In addition, two
unique regions of VAR-GAR, an 898-bp segment within
the left-end region and a 627-bp segment within the
right-end region, were observed that distinguished
alastrim from variola major viruses.
Third, in comparing the ORFs, we noted that alastrim
contains a number of interrupted truncated variants of
longer ORFs in variola major virus and that these ORFs
are truncated variants of ORFs in vaccinia or cowpox
virus. The observation suggested to us that alastrim
probably derived from variola major virus and variola
FIG. 4. Nucleotide and amino acid sequences in the region specif
VAC-COP. Gray blocks indicate potential Ca21-binding domains (Shchemajor virus derived from a precursor virus, such as
cowpox virus or similar, that contained the longer ORF.Such differences in ORF sizes are shown in Table 1 and
Fig. 1. For example, note that VAR-GAR B7L (contains 95
codons) and B8L (contains 355 codons) are homologs of
left-end region ORFs D8L in VAR-BSH and D6L in VAR-
IND, which contain 452 codons. In turn, the sequences of
all these ORFs pair with cognate regions in a much
longer 669-codon ORF that is involved in CPV host range.
Other examples of truncated reading frames within the
VAR-GAR left-end region that are longer in variola major
and vaccinia viruses include the ankyrin-repeat-encod-
ing-ORFs VAR-GAR B9L-B12L, which have cognate re-
gions within a 634 codon ORF, C9L, of VAC-COP and its
CPV correlate. Another is the kelch-encoding-ORFs VAR-
GAR B19L (154 codons) and B20L (65 codons), which
correspond to a 221 codon ORF, D16L, in VAR-BSH (201
codon ORF, D13L, in VAR-IND), and a 512 codon C2L in
VAC-COP. Within the right-end region the ORFs VAR-GAR
TF-4 (Kovacs and Moss, 1996) of VAR-IND, VAR-BSH, VAR-GAR, and
et al., 1993c).ying VLA26L-A27L (ATI gene), A52L-A53L (3HSD gene), K7R-K8R
(kelch gene), H2L-H5R (gene of unknown function), and
BB
B
B
B
B
B
382 SHCHELKUNOV ET AL.D11R-D13R (kelch gene) are also correlates of longer
ORFs in VAR-IND and VAR-BSH and even longer ORFs in
VAC-COP.
Finally, although understanding virulence differences
of major and minor isolates will most likely involve un-
derstanding the collective influence of certain gene prod-
ucts, insight into some of the pathogenic differences may
be able to be pinpointed in some cases. In this regard,
we have expressed in Escherichia. coli, the interferon-g-
receptor encoded by VAR-GAR H9R or VAR-IND B9R,
which sequencing indicated differ by three amino acids.
Both recombinant protein preparations did not differ in
the measure of reactivity with human IFN-g (Seregin et
al., 1996). In contrast, bacterial recombinant preparations
of the TNF-binding domain encoded by G2R of VAR-GAR
or VAR-BSH (Table 1), which have four amino acid differ-
ences in this domain, were distinctive in capacity of
binding certain members of the TNF superfamily (Lopa-
rev et al., unpublished data).
MATERIALS AND METHODS
Isolation of virus and viral DNA
Variola minor Garcia-1966 virus was isolated from skin
lesions on a patient in Sao Paulo during an alastrim
outbreak in Brazil in 1966 that was associated with a
0.8% case fatality rate. The isolate had been used as a
diagnostic reference strain at the Adolpho Lutz Institute,
Sao Paulo, and was provided to CDC in the late 1960s. It
was also used as a reference strain at CDC and passed
on the chorioallantoic membrane (CAM) of 12-day-old
chick embryos. A viral pock was picked from a passage
on the CAM and the material was used to infect the FL
continuous human amnion cell line (ATCC CCL-62). Virus
was propagated at CDC under (BSL-4) containment. Viral
DNA, which itself is not infectious, was extracted from
the cytoplasm (Esposito et al., 1981) of the third passage
in FL cells and transported in phenol to a BSL-2 labora-
tory for cloning into bacterial plasmids, which were used
for the sequencing.
DNA sequencing
Viral DNA was digested with XhoI or HindIII, and the
digest fragments were cloned into plasmids for sequenc-
ing to achieve at least twofold redundancy for each DNA
strand as described before (Shchelkunov et al., 1992,
1993c; Massung et al., 1994, 1996). Some segments of
significant sequence variance compared with VAR-IND
or VAR-BSH cognates were resolved to sixfold redun-
dancy. Sequences were analyzed using software from
Genetics Computer Group, Inc., Madison, WI (Devereux
et al., 1984) and software developed at the State Re-
search Center for Virology and Biotechnology (Vector),
Koltsovo, Russia (Resenchuk and Blinov, 1995). Protein
analogy searches were done using BLAST software
(Altschul et al., 1990).ACKNOWLEDGMENTS
The authors are grateful to Lev S. Sandakhchiev and Brian W.J. Mahy
for their active interest in this research. This study was performed
under aegis of the World Health Organization, which also provided part
of the funding.
REFERENCES
Ahn, B.-Y., Gershon, P. D., Jones, E. V., and Moss, B. (1990a). Identifica-
tion of rpo30, a vaccinia virus RNA polymerase gene with structural
similarity to a eucaryotic transcription elongation factor. Mol. Cell.
Biol. 10, 5433–5441.
Ahn, B.-Y., Jones, E. V., and Moss, B. (1990b). Identification of the
vaccinia virus gene encoding an 18-kilodalton subunit of RNA poly-
merase and demonstration of a 59 poly(A) leader on its early tran-
script. J. Virol. 64, 3019–3024. Ahn, B.-Y., and Moss, B. (1992). RNA
polymerase-associated transcription specificity factor encoded by
vaccinia virus. Proc. Natl. Acad. Sci. USA 89, 3536–3540.
Ahn, B.-Y., Rosel, J., Cole, N. B., and Moss, B. (1992). Identification and
expression of rpo19, a vaccinia virus gene encoding a 19-kilodalton
DNA-dependent RNA polymerase subunit. J. Virol. 66, 971–982.
Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990).
Basic local alignment search tool. J. Mol. Biol. 215, 403–410.
Amegadzie, B. Y., Ahn, B.-Y., and Moss, B. (1991). Identification, se-
quence, and expression of the gene encoding a Mr 35000 subunit of
the vaccinia virus DNA-dependent RNA polymerase. J. Biol. Chem.
266, 13712–13718.
Amegadzie, B. Y., Ahn, B.-Y., and Moss, B. (1992). Characterization of a
7-kilodalton subunit of vaccinia virus DNA-dependent RNA polymer-
ase with structural similarities to the smallest subunit of eukaryotic
RNA polymerase II. J. Virol. 66, 3003–3010.
Baek, S. H., Kwak, J. Y., Lee, S. H., Lee, T., Ryu, S. H., and Uhlinger, D. J.
(1997). Lipase activities of p37, the major envelope protein of vaccinia
virus. J. Biol. Chem. 272, 32042–32049.
anham, A. H., and Smith, G. L. (1992). Vaccinia virus gene B1R
encodes a 34-kDa serine/threonine protein kinase that localizes in
cytoplasmic factories and is packaged into virions. Virology 191,
803–812.
Bayliss, C. D., and Smith, G. L. (1996). Vaccinia virion protein I8R has
both DNA and RNA helicase activities: Implications for vaccinia virus
transcription. J. Virol. 70, 794–800.
Beattie, E., Tartaglia, J., and Paoletti, E. (1991). Vaccinia-virus encoded
eIF-2a homolog abrogates the antiviral effect of interferon. Virology
183, 419–422.
lack E. P., and Condit R. C. (1996). Phenotypic characterization of
mutants in vaccinia virus gene G2R, a putative transcription elonga-
tion factor. J. Virol. 70, 47–54.
lasco, R., Cole, N. B., and Moss, B. (1991). Sequence analysis, expres-
sion, and deletion of a vaccinia virus gene encoding a homolog of
profilin, a eukaryotic actin-binding protein. J. Virol. 65, 4598–4608.
lasco, R., Sisler, J. R., and Moss, B. (1993). Dissociation of progeny
vaccinia virus from the cell membrane is regulated by a viral enve-
lope glycoprotein: Effect of a point mutation in the lectin homology
domain of the A34R gene. J. Virol. 67, 3319–3325.
lomquist, M. C., Hunt, L. T., and Barker, W. C. (1984). Vaccinia virus
19-kilodalton protein: Relationship to several mammalian proteins,
including two growth factors. Proc. Natl. Acad. Sci. USA 81, 7363–
7367.
ork, P. (1993). Hundreds of ankyrin-like repeats in functionally diverse
proteins: Mobile modules that cross phyla horizontally? Proteins
Struct. Funct. Genet. 17, 363–374.
oursnell, M. E. G., Foulds, I. J., Campbell, J. I., and Binns, M. M.
(1988). Nonessential genes in the vaccinia virus HindIII K frag-
ment: A gene related to serine protease inhibitors and a gene
related to the 37K vaccinia virus major envelope antigen. J. Gen.
Virol. 69, 2995–3003.
383ALASTRIM VIRUS DNA SEQUENCESBroyles, S. S. (1993). Vaccinia virus encodes a functional dUPTase.
Virology 195, 863–865.
Broyles, S. S., and Fesler, B. S. (1990). Vaccinia virus gene encoding a
component of the viral early transcription factor. J. Virol. 64, 1523–
1529.
Broyles, S. S., and Moss, B. (1986). Homology between RNA polymer-
ase of poxviruses, prokaryotes, and eukaryotes: Nucleotide se-
quence and transcriptional analysis of vaccinia virus genes encod-
ing 147-kDa and 22-kDa subunits. Proc. Natl. Acad. Sci. USA 83,
3141–3145.
Chang, H.-W., Watson, J. C., and Jacobs, B. L. (1992). The E3L gene of
vaccinia virus encodes an inhibitor of the interferon-induced, double-
stranded RNA-dependent protein kinase. Proc. Natl. Acad. Sci. USA
89, 4825–4829.
Chantrey, J., Meyer, H., Baxby, D., Begon, M., Brown, K. J., Hazel, S. M.,
Jones, T., Montgomery, W. I., Bennett, M. (1999). Cowpox: Reservoir
hosts and geographic range. Epidemiol. Infect. 122, 455–460.
Chapin, C. V. (1913). Variation in type of infectious disease as shown by
the history of smallpox in the United States 1895–1912. J. Infect. Dis.
13, 171–196.
Chapin, C. V., and Smith, J. (1932). Permanency of the mild type of
smallpox. J. Prevent. Med. 6, 273–320.
Chen, W., Drillen, R., Spehner, D., and Buller, R. M. (1992). Restricted
replication of ectromelia virus in cell culture correlates with muta-
tions in virus-encoded host range gene. Virology 187, 433–442.
Chertov, O.Yu., Telezhinskaya, I. N., Ziatseva, E. V., Golubeva, T. B.,
Zinov’ev, V. V., Ovechkina, L. G., Mazkova, L. B., and Malygin, E. G.
(1991). Amino acid sequence determination of vaccinia virus immu-
nodominant protein p34 and identification of the gene. Biomed. Sci.
2, 151–154.
Davis, R. E., and Mathews, C. K. (1993). Acidic C terminus of vaccinia
virus DNA-binding protein interacts with ribonucleotide reductase.
Proc. Natl. Acad. Sci. USA 90, 745–749.
De Carlos, A., and Paez, E. (1991). Isolation and characterization of
mutants of vaccinia virus with a modified 94-kDa inclusion protein.
Virology 185, 768–778.
De Korte, W. E. (1904). Amaas, or kaffir milk-pox. Lancet 1, 1273–1276.
Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive set
of sequence analysis programs for the VAX. Nucleic Acids Res. 12,
387–395.
Dumbell, K. R., and Huq, F. (1975). Epidemiological implications of the
typing of variola isolates. Trans. R. Soc. Trop. Med. Hyg. 69, 303–306.
Dumbell, K. R., and Huq, F. (1986). The virology of variola minor.
Correlation of laboratory tests with the geographic distribution
and human virulence of variola isotates. Am. J. Epidemiol. 123,
403–415.
Dyster, L. M., and Niles, E. G. (1991). Genetic and biochemical charac-
terization of vaccinia virus genes D2L and D3R which encode virion
structural proteins. Virology 182, 455–467.
Earl, P. L., Jones, E. V., and Moss, B. (1986). Homology between DNA
polymerase of poxviruses, herpesviruses, and adenoviruses: Nucle-
otide sequence of the vaccinia virus DNA polymerase gene. Proc.
Natl. Acad. Sci. USA 83, 3659–3663.
Engelstad, M., Howard, S. T., and Smith, G. L. (1992). A constitutively
expressed vaccinia gene encodes a 42-kDa glycoprotein related to
complement control factors that forms part of the extracellular virus
envelope. Virology 188, 801–810.
Ericsson, M., Cudmore, S., Shuman, S., Condit, R. C., Griffiths, G., and
Locker, J. K. (1995). Characterizatiuon of ts16, a temperature-sensitive
mutant of vaccinia virus. J. Virol. 69, 7072–7086.
Esposito, J. J., Cabradilla, C. D., Nakano, J. H., and Obijeski, J. F. (1981).
Intragenomic sequence transposition in monkeypox virus. Virology
109, 231–243.
Esposito, J. J., and Knight, J. C. (1985). Orthopoxvirus DNA: A compari-
son of restriction profiles and maps. Virology 143, 230–251.
Esposito, J. J., Obijeski, J. F., and Nakano, J. H. (1978). OrthopoxvirusDNA: Strain differentiation by electrophoresis of restriction endonu-
clease fragmented virion DNA. Virology 89, 53–66.
Evans, E., Klemperer, N., Ghosh, R., and Traktman, P. (1995). The
vaccinia virus D5 protein, which is requered for DNA replication, is a
nucleic acid-independent nucleoside triphosphatase. J. Virol. 69,
5353–5361.
Fenner, F., Henderson, D. A., Arita, I., Jezek, Z., Ladnyi, I. D. (1988).
“Smallpox and Its Eradication.” World Health Organization, Geneva.
Fenner, F., Wittek, R., and Dumbell, K. R. (1989). “The Orthopoxviruses.”
Academic Press, Inc., San Diego.
Funahashi, S.-I., Sato, T., and Shida, H. (1988). Cloning and character-
ization of the gene encoding the major protein of the A-type inclusion
body of cowpox virus. J. Gen. Virol. 69, 35–47.
Gershon, P. D., Ahn, B.-Y., Garfield, M., and Moss, B. (1991). Poly(A)
polymerase and a dissociable polyadenylation stimulatory factor
encoded by vaccinia virus. Cell 66, 1269–1278.
Gershon, P. D., and Moss, B. (1990). Early transcription factor subunits
are encoded by vaccinia virus late genes. Proc. Natl. Acad. Sci. USA
87, 4401–4405.
Gillard, S., Spehner, D., Drillien, R., and Kirn, A. (1986). Localization and
sequence of a vaccinia virus gene required for multiplication in
human cells. Proc. Natl. Acad. Sci. USA 83, 5573–5577.
Goebel, S. J., Johnson, G. P., Perkus, M. E., Davis, S. W., Winslow, J. P.,
and Paoletti, E. (1990). The complete DNA sequence of vaccinia
virus. Virology 179, 247–266.
Graham, K. A., Lalani, A. S., Macen, J. L., Ness, T. L., Barry, M., Liu, L.-Y.,
Lucas, A., Clark-Lewis, I., Moyer, R. W., and McFadden, G. (1997). The
T1/35kDa family of poxvirus-secreted proteins bind chemokines and
modulate leukocyte influx into virus-infected tissues. Virology 229,
12–24.
Guan, K., Broyles, S. S., and Dixon, J. E. (1991). A Tyr/Ser protein
phosphatase encoded by vaccinia virus. Nature 350, 359–362.
Gvakharia, B. O., Koonin, E., and Mathews, C. (1996). Vaccinia virus G4L
gene encodes a second glutaredoxin. Virology 226, 408–411.
Hirt, P., Hiller, G., and Wittek, R. (1986). Localization and fine structure
of a vaccinia virus gene encoding an envelope antigen. J. Virol. 58,
757–764.
Hooda-Dhingra, U., Patel, D. D., Pickup, D. J., and Condit, R. C. (1990).
Fine structure mapping and phenotypic analysis of five temperature-
sensitive mutations in the second largest subunit of vaccinia virus
DNA-dependent RNA polymerase. Virology 174, 60–69.
Howard, S. T., and Smith, G. L. (1989). Two early vaccinia virus genes
encode polypeptides related to protein kinase. J. Gen. Virol. 70,
3187–3201.
Hughes, S. J., Johnston, L. H., De Carlos, A., and Smith, G. L. (1991).
Vaccinia virus encodes an active thymidylate kinase that comple-
ments a cdc8 mutant of Saccharomyces cerevisiae. J. Biol. Chem.
266, 20103–20109.
Ichihashi, Y., Takahashi, T., and Oie, M. (1994). Identification of a
vaccinia virus penetration protein. Virology 202, 834–843.
Isaacs, S. N., Wolffe, E. J., Payne, L. G., and Moss, B. (1992). Charac-
terization of a vaccinia virus-encoded 42-kilodalton class I mem-
brane glycoprotein component of the extracellular virus envelope.
J. Virol. 66, 7217–7224.
Johnson, G. P., Goebel, S. J., and Paoletti, E. (1993). An update on the
vaccinia virus genome. Virology 196, 381–401.
Johnson, G. P., Goebel, S. J., Perkus, M. E., Davis, S. W., Winslow, J. P.,
and Paoletti, E. (1991). Vaccinia virus encodes a protein with simi-
larity to glutaredoxins. Virology 181, 378–381.
Kao, S.-Y., and Bauer, W. R. (1987). Biosynthesis and phosphorylation of
vaccinia virus structural protein VP11. Virology 159, 339–407.
Keck, J. G., Baldick, C. J., and Moss, B. (1990). Role of DNA replica-
tion in vaccinia virus gene expression: A naked template is re-
quired for transcription of three late trans-activator genes. Cell 61,
801–809.Kerr, S. M., and Smith, G. L. (1989). Vaccinia virus encodes a polypep-
tide with DNA ligase activity. Nucleic Acids Res. 17, 9039–9050.
LM
M
M
M
M
M
M
M
M
M
M
N
384 SHCHELKUNOV ET AL.Knight, J. C., Goldsmith, C. S., Regnery, R. R., Regnery, D. C., Tamin, A.,
and Esposito, J. J. (1992). Further analyses of the orthopoxviruses
volepox virus and raccoon poxvirus. Virology 190, 423–433.
Kotwal, G. J., and Moss, B. (1988a). Vaccinia virus encodes a secretory
polypeptide structurally related to complement control proteins. Na-
ture 335, 176–178.
Kotwal, G. J., and Moss, B. (1988b). Analysis of a large cluster of
nonessential genes deleted from a vaccinia virus terminal transpo-
sition mutant. Virology 167, 524–537.
Kotwal, G. J., and Moss, B. (1989). Vaccinia virus encodes two proteins
that are structurally related to members of the plasma serine pro-
tease inhibitor superfamily. J. Virol. 63, 600–606.
Kovacs, G. R., and Moss, B. (1996). The vaccinia virus H5R gene
encodes late gene transcription factor 4: Purification, cloning and
overexpression. J. Virol. 70, 6796–6802.
Lee, S. B., and Esteban, M. (1994). The interferon-induced double-
stranded RNA-activated protein kinase induces apoptosis. Virology
199, 491–496.
Lin, S., and Broyles, S. S. (1994). Vaccinia protein kinase 2: A second
essential serine/threonine protein kinase encoded by vaccinia virus.
Proc. Natl. Acad. Sci. USA 91, 7653–7657.
Lin, S., Chen, W., and Broyles, S. S. (1992). The vaccinia virus B1R
gene product is a serine/threonine protein kinase. J. Virol. 66,
2717–2723.
ux, S. E., John, K. M., and Bennett, V. (1990). Analysis of cDNA for
human erythrocyte ankyrin indicates a repeated structure with ho-
mology to tissue-differentiation and cell-cycle control proteins. Na-
ture 344, 36–42.
Maa, J.-S., and Esteban, M. (1987). Structural and functional character-
ization of cell surface binding protein of vaccinia virus. J. Virol. 61,
3910–3919.
aa, J.-S., Rodriguez, J. F., and Esteban, M. (1990). Structural and
functional characterization of a cell surface binding protein of vac-
cinia virus. J. Biol. Chem. 265, 1569–1577.
ackett, M., and Archard, L. C. (1979). Conservation and variation in
orthopoxvirus genome structure. J. Gen. Virol. 45, 683–701.
arennikova, S. S., and Shchelkunov, S. N. (1998). “Orthopoxviruses
Pathogenic for Humans.” KMK Press Ltd., Moscow.
artin, K. H., Grosenbach, D. W., Franke C. A., and Hruby, D. E. (1997).
Identification and analysis of three myristylated vaccinia virus late
proteins. J. Virol. 71, 5218–5226.
assung, R. F., Esposito, J. J., Liu, L., Jin, Q., Utterback, T. R., Knight, J. C.,
Aubin, L., Yuran, T. E., Parsons, J. M., Loparev, V. N., Selivanov, N. A.,
Cavallaro, K. F., Kerlavage, A. R., Mahy, B. W. J., Venter, J. C. (1993).
Potential virulence determinants in terminal regions of variola small-
pox virus genome. Nature 366, 748–751.
assung, R. F., Knight, J. C., and Esposito, J. J. (1995). Topography of
variola smallpox virus inverted terminal repeats. Virology 211, 350–
355.
assung, R. F., Liu. L.-I., Qi, J., Knight, J. C., Yuran, T. E., Kerlavage, A. R.,
Parsons, J. M., Venter, J. C., and Esposito, J. J. (1994). Analysis of the
complete genome of smallpox variola major virus strain Bangladesh-
1975. Virology 201, 215–240.
assung, R. F., Loparev, V. N., Knight, J. C., Totmenin, A. V., Chizhikov,
V. E., Parsons, J. M., Safronov, P. F., Gutorov, V. V., Shchelkunov, S. N.,
and Esposito, J. J. (1996). Terminal region sequence variations in
variola virus DNA. Virology 221, 291–300.
oore, J. B., and Smith, G. L. (1992). Steroid hormone synthesis by a
vaccinia enzyme: A new type of virus virulence factor. EMBO J. 11,
1973–1980.
organ, J. R., Cohen, L. K., and Roberts, B. E. (1984). Identification of the
DNA sequence encoding the large subunit of the mRNA-capping
enzyme of vaccinia virus. J. Virol. 52, 206–214.
ossman, K., Lee, S. F., Barry, M., Boshkov, L., and McFadden, G.
(1996). Disruption of M-T5, a novel myxoma virus gene member of
the poxvirus host range suprefamily, results in dramatic attenua-tion of myxomatosis in infected European rabbits. J. Virol. 70,
4394–4410.
iles, E. G., Lee-Chen, G.-J., Shuman, S., Moss, B., and Broyles, S. S.
(1989). Vaccinia virus gene D12L encodes the small subunit of the
viral mRNA capping enzyme. Virology 172, 513–522.
Parkinson, J. E., Sanderson, C. M., and Smith, G. L. (1995). The vaccinia
virus A38L gene product is a 33-kDa integral membrane glycopro-
tein. Virology 214, 177–188.
Parkinson, J. E., and Smith, G. L. (1994). Vaccinia virus gene A36R
encodes a Mr 50K protein on the surface of extracellular enveloped
virus. Virology 204, 376–390.
Patel, D. D., and Pickup, D. J. (1987). Messenger RNAs of a strongly
expressed late gene of cowpox virus contain 59-terminal poly(A)
sequences. EMBO J. 6, 3787–3794.
Perkus, M. E., Goebel, S. J., Davis, S. W., Johnson, G. P., Limbach, K.,
Norton, E. K., and Paoletti, E. (1990). Vaccinia virus host range genes.
Virology 179, 276–286.
Ravanello, M. P., and Hruby, D. E. (1994). Conditional lethal expression
of the vaccinia virus L1R myristylated protein reveals a role in virion
assembly. J. Virol. 68, 6401–6410.
Resenchuk, S. M., and Blinov, V. M. (1995). ALIGNMENT SERVICE:
Creation and processing of alignment of sequences of unlimited
length. Comput. Appl. Biosci. 11, 7–11.
Ribas, E. (1910). Alastrim, amaas or milk-pox. Trans. Roy. Soc. Trop.
Med. Hyg. 4, 224–232.
Robinson, D. N., and Cooley, L. (1997). Drosophila kelch is an oligo-
meric ring canal actin organizer. J. Cell Biol. 138, 799–810.
Rodriguez, J. F., and Esteban, M. (1987). Mapping and nucleotide se-
quence of the vaccinia virus gene that encodes a 14-kilodalton fusion
protein. J. Virol. 61, 3550–3554.
Rodriguez, J. F., Kahn, J. S., and Esteban, M. (1986). Molecular cloning,
encoding sequence, and expression of vaccinia virus nucleic acid-
dependent nucleoside triphosphatase gene. Proc. Natl. Acad. Sci.
USA 83, 9566–9570.
Roper, R. L., Payne, L. G., and Moss, B. (1996). Extracellular vaccinia
virus envelope glycoprotein encoded by the A33R gene. J. Virol. 70,
3753–3762.
Roper, R. L., Wolffe, E. J., Weisberg, A., and Moss, B. (1998). The
envelope protein encoded by the A33R gene is required for formation
of actin-containing microvilli and efficient cell-to-cell spread of vac-
cinia virus. J. Virol. 72, 4129–4204.
Rosel, J. L., and Moss, B. (1985). Transcriptional and translational
mapping and nucleotide sequence analysis of a vaccinia virus gene
encoding the precursor of the major core polypeptide 4b. J. Virol. 56,
830–838.
Ryazankina, O. I., Muravlev, A. I., Gutorov, V. V., Mikrjukov, N. N.,
Cheshenko, I. O., and Shchelkunov, S. N. (1993). Comparative anal-
ysis of the conserved region of the orthopoxvirus genome encoding
the 36K and 12K proteins. Virus Res. 29, 281–303.
Safronov, P. F., Petrov, N. A., Ryazankina, O. I., Totmenin, A. V., Shchel-
kunov, S. N., and Sandakhchiev, L. S. (1996). Host range genes of
cowpox virus. Dokl. Akad. Nauk 249, 829–833.
Sanz, P., and Moss, B. (1999). Identificaton of a transcription factor,
encoded by two vaccinia virus early genes, that regulates the inter-
mediate stage of viral gene expression. Proc. Natl. Acad. Sci. USA
96, 2692–2697.
Schmitt, J. F. C., and Stunnenberg, H. G. (1988). Sequence and tran-
scriptional analysis of the vaccinia virus HindIII I fragment. J. Virol.
62, 1889–1897.
Schwarz, D. A., Katayama, C. D., and Hedrick, S. M. (1998). Schlafen, a
new family of growth regulatory genes that affect thymocyte devel-
opment. Immunity 9, 657–668.
Senkevich, T. G., Koonin, E. V., and Buller, R. M. L. (1994). A poxvirus
protein with a RING zinc finger motif is of crucial importance for
virulence. Virology 198, 118–128.Senkevich, T. G., Muravnik, G. L., Pozdnyakov, S. G., Chizhikov, V. E.,
Ryazankina, O. I., Shchelkunov, S. N., Koonin, E. V., and Chernos, V. I.
SS
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
T
T
T
U
U
U
V
W
W
385ALASTRIM VIRUS DNA SEQUENCES(1993). Nucleotide sequence of XhoI fragment of ectromelia virus
DNA reveals significant differences from vaccinia virus. Virus Res.
30, 73–88.
Seregin, S. V., Babkina, I. N., Nesterov, A. E., Sinyakov, A. N., and
Shchelkunov, S. N. (1996). Comparative studies of gamma-interferon
receptor-like proteins of variola major and variola minor viruses.
FEBS Lett. 382, 79–83.
Shchelkunov, S. N. (1995). Functional organization of variola major and
vaccinia virus genomes. Virus Genes 10, 53–71.
Shchelkunov, S. N., Blinov, V. M., Resenchuk, S. M., Totmenin, A. V.,
Olenina, L. V., Chirikova, G. B., and Sandakhchiev, L. S. (1994).
Analysis of the nucleotide sequence of 53 kbp from the right termi-
nus of the genome of variola major virus strain India-1967. Virus Res.
34, 207–236.
Shchelkunov, S. N., Blinov, V. M., and Sandakhchiev, L. S. (1993a).
Genes of variola and vaccinia viruses necessary to overcome the
host protective mechanisms. FEBS Lett. 319, 80–83.
hchelkunov, S. N., Blinov, V. M., and Sandakhchiev, L. S. (1993b).
Ankyrin-like proteins of variola and vaccinia viruses. FEBS Lett. 319,
163–165.
hchelkunov, S. N., Blinov, V. M., Totmenin, A. V., Marennikova, S. S.,
Kolykhalov, A. A., Frolov, I. V., Chizhikov, V. E., Gutorov, V. V.,
Gashnikov, P. V., Belanov, E. F., Belavin, P. A., Resenchuk, S. M.,
Shelukhina, E. M., Netesov, S. V., Andzhaparidze, O. G., and
Sandakhchiev, L. S. (1992). Structural-functional organization of
the smallpox virus genome. I. Cloning of viral DNA HindIII and
XhoI fragments and sequencing of HindIII fragments M, L, I. Mol.
Biol. 26, 731–744.
hchelkunov, S. N., Blinov, V. M., Totmenin, A. V., Marennikova, S. S.,
Kolykhalov, A. A., Frolov, I. V., Chizhikov, V. E., Gutorov, V. V., Gash-
nikov, P. V., Belanov, E. F., Belavin, P. A., Resenchuk, S. M.,
Andzhaparidze, O. G., and Sandakhchiev, L. S. (1993c). Nucleotide
sequence analysis of variola virus HindIII M, L, I genome fragments.
Virus Res. 27, 25–35.
hchelkunov, S. N., Marennikova, S. S., Totmenin, A. V., Blinov, V. M.,
Chizhikov, V. E., Gutorov, V. V., Safronov, P. F., Pozdnyakov, S. G.,
Shelukhina, E. M., Gashnikov, P. V., Andzhaparidze, O. G., and San-
dakhchiev, L. S. (1991). Construction of clonoteques of fragments of
smallpox virus DNA and structure-function investigation of viral host
range genes. Dokl. Akad. Nauk 321, 402–406.
hchelkunov, S. N., Massung, R. F., and Esposito, J. J. (1995). Compar-
ison of the genome DNA sequences of Bangladesh-1975 and India-
1967 variola viruses. Virus Res. 36, 107–118.
hchelkunov, S. N., Resenchuk, S. M., Totmenin, A. V., Blinov, V. M.,
Marennikova, S. S., and Sandakhchiev, L. S. (1993d). Comparison of
the genetic maps of variola and vaccinia viruses. FEBS Lett. 327,
321–324.
hchelkunov, S. N., Safronov, P. F., Totmenin, A. V., Petrov, N. A.,
Ryazankina, O. I., Gutorov, V. V., and Kotwal, G. J. (1998). The genomic
sequence analysis of the left and fight species-specific terminal
region of a cowpox virus strain reveals unique sequences and a
cluster of intact ORFs for immunomodulatory and host range pro-
teins. Virology 243, 432–460.
hchelkunov, S. N., Totmenin, A. V., and Sandakhchiev, L. S. (1996).
Analysis of the nucleotide sequence of 23.8 kbp from the left termi-
nus of the genome of variola major virus strain India-1967. Virus Res.
40, 169–183.
hida, H. (1986). Nucleotide sequence of the vaccinia virus hemagglu-
tinin gene. Virology 150, 451–462.
hors, T., Keck, J. G., and Moss, B. (1999). Down regulation of gene
expression by vaccinia virus D10 protein. J. Virol. 73, 791–796.
human, S. (1992). Vaccinia virus RNA helicase: An essential enzyme
related to the DE-II family of RNA-dependent NTPases. Proc. Natl.
Acad. Sci. USA 89, 10935–10939.
human, S., and Moss, B. (1987). Identification of a vaccinia virus gene
encoding a type I DNA topoisomerase. Proc. Natl. Acad. Sci. USA 84,
7478–7482.
Wimpson, D. A., and Condit, R. C. (1995). Vaccinia virus gene A18R
encodes an essential DNA helicase. J. Virol. 69, 6131–6139.
labaugh, M. B., Roseman, N., Davis, R., and Matthews, C. (1988).
Vaccinia virus encoded ribonucleotide reductase: Sequence conser-
vation of the gene for the small subunit and its amplification in
hydroxyurea-resistant mutants. J. Virol. 62, 519–527.
mith, C. A., Smith, T. D., Smolak, P. J., Friend, D., Hagen, H., Gerhart, M.,
Park, L., Pickup, D. J., Torrance, D., Mohler, K., Schooley, K., and
Goodwin, R. G. (1997). Poxvirus genomes encode a secreted, soluble
protein that preferentially inhibits b chemokine activity yet lacks
sequence homology to known chemokine receptors. Virology 236,
316–327.
mith, G. L., and Chan, Y. S. (1991). Two vaccinia virus proteins struc-
turally related to the interleukin-1 receptor and the immunoglobulin
superfamily. J. Gen. Virol. 72, 511- 518.
mith, G. L., Chan, Y. S., and Howard, S. T. (1991). Nucleotide sequence
of 42 kbp of vaccinia viris strain WR from near the right inverted
terminal repeat. J. Gen. Virol. 72, 1349–1376.
mith, G. L., Chan, Y. S., and Kerr, S. M. (1989a). Transcriptional map-
ping and nucleotide sequence of a vaccinia virus gene encoding a
polypeptide with extensive homology to DNA ligases. Nucleic Acids
Res. 17, 9051–9062.
mith, G. L., de Carlos, A., and Chan, Y. S. (1989b). Vaccinia virus
encodes a thymidylate kinase gene: Sequence and transcriptional
mapping. Nucleic Acids Res. 17, 7581–7590.
mith, G. L., Howard, S. T., and Chan, Y. S. (1989c). Vaccinia virus
encodes a family of genes with homology to serine proteinase
inhibitors. J. Gen. Virol. 70, 2333–2343.
pehner, D., Gillard, S., Drillien, R., and Kirn, A. (1988). A cowpox virus
gene required for multiplication in chinese hamster ovary cells.
J. Virol. 62, 1297–1304.
tuart, D. T., Upton, C., Higman, M. A., Niles, E. G., and McFadden, G.
(1993). A poxvirus-encoded uracil DNA glycosylase is essential for
virus viability. J. Virol. 67, 2503–2512.
ymons, J. A., Alcami, A., and Smith, G. L. (1995). Vaccinia virus encodes
a soluble type I interferon receptor of novel structure and broad
species specificity. Cell 81, 551–560.
akahashi, T., Oie, M., and Ichihashi, Y. (1994). N-terminal amino acid
sequences of vaccinia virus structural proteins. Virology 202, 844–
852.
engelsen, L. A., Slabaugh, M. B., Bibler, J. K., and Hruby, D. E. (1988).
Nucleotide sequence and molecular genetic analysis of the large
subunit of ribonucleotide reductase encoded by vaccinia virus. Vi-
rology 164, 121–131.
urner, P. C., Musy, P. Y., and Moyer, R. W. (1995). Poxvirus serpins. In
“Viroceptors, Virokines and Related Immune Modulators Encoded by
DNA Viruses,” p. 64–88. R. G. Landes Co., Austin, TX.
eda, Y., Morikawa, S., and Matsuura, Y. (1990). Identification and
nucleotide sequence of the gene encoding a surface antigen in-
duced by vaccinia virus. Virology 177, 588–594.
pton, C., Mossman, K., and McFadden, G. (1992). Encoding of a
homolog of IFN-g receptor by myxoma virus. Science 258, 1369–
1372.
pton, C., Schiff, L., Rice, S. A., Dowdeswell, T., Yang, X., and McFad-
den, G. (1994). A poxvirus protein with a RING finger motif binds zinc
and localizes in virus factories. J. Virol. 68, 4186–4195.
an Meir, E., and Wittek, R. (1988). Fine structure of the vaccinia virus
gene encoding the precursor of the major core protein 4a. Arch. Virol.
102, 19–27.
ang, S. P., and Shuman, S. (1996). A temperature-sensitive mutation of
the vaccinia virus E11 gene encoding a 15-kDa virion component.
Virology 216, 252–257.
eir, J. P., and Moss, B. (1983). Nucleotide sequence of the vaccinia
virus thymidine kinase gene and the nature of spontaneous frame-
shift mutations. J. Virol. 46, 530–537.
hitehead, S. S., and Hruby, D. E. (1994). A transcriptionally controlled
trans-processing assay: Putative identification of a vaccinia virus-
386 SHCHELKUNOV ET AL.encoded proteinase which cleaves precursor protein P25K. J. Virol.
68, 7603–7608.
Wolffe, E. J., Katz, E., Weisberg, A., and Moss, B. (1997). The A34R
glycoprotein gene is required for induction of specialized actin-
containing microvilli and efficient cell-to-cell transmission of vaccinia
virus. J. Virol. 71, 3904–3915.
Wolffe, E. J., Weisberg, A. S., and Moss, B. (1998). Role for the vaccinia virus
A36R outer envelope protein in the formation of virus-tipped actin-
containing microvilli and cell-to-cell virus spread. Virology 244, 20–26.Xue, F., and Cooley, L. (1993). Kelch encodes a component of intercel-
lular bridges in Drosophila egg chambers. Cell 72, 681–693.
Yang, W.-P., Kao, S.-Y., and Bauer, W. R. (1988). Biosynthesis and post-
translational cleavage of vaccinia virus structural protein VP8. Virol-
ogy 167, 585–590.
Zhang, Y., and Moss, B. (1992). Immature viral envelope formation is
interrupted same stage by lac operator-mediated repression of the
vaccinia virus D13L gene and by the drug rifampicin. Virology 187,
643–653.
